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Introduction: 


Based  on  our  published  and  unpublished  studies,  we  found  that  the  primary  tumor 
mieroenvironment  effects  are  limited  on  early  events  of  bone  lesion  development  (7).  Therefore, 
our  current  subjects  are  to  study  the  influence  of  cell-specific  TGF-P  signaling  in  the  bone 
microenvironment  on  prostate  cancer  (PCa)  bone  lesion  development,  and  to  identify  the 
druggable  downstream  factor  for  PCa  bone  metastasis.  TGF-P  signals  through  the  ligands 
binding  with  the  TGF-P  type  II  receptor  (TpRII)  (2).  Using  bone  cell  specific  TpRII  gene 
(TGFBR2)  gene  knockout  mice,  we  found  that  TGF-P  signaling  in  fibroblasts  and  osteoblasts 
inhibits,  but  TGF-P  signaling  in  cells  of  myeloid  lineage,  such  as  osteoclasts,  promotes  PCa  bone 
lesion  development.  In  PCa  patient  tissue  microarray,  TpRII  expression  was  frequently  lost  in 
the  cancer-associated  osteoblasts  (CAOBs).  Focused  on  the  knockout  mice  that 

have  deletion  of  TGFBR2  in  osteoblasts,  we  found  that  the  increased  bone  lesions  were 
associated  with  increased  tumor  cell  proliferation,  angiogenesis,  and  cancer-associated 
fibroblasts  (CAFs)  formation.  bFGF  was  found  up-regulated  in  CAOBs  and  mediated  the 
increased  bone  lesions  in  KO  mice  relative  to  the  Tgfbr2^^°^  mice.  Functionally, 

bFGF  mediates  PCS -induced  bone  lesion  development  through  indirect  stimulation  of  tumor  cell 
proliferation,  direct  promotion  of  osteoclastogenesis  and  CAFs  formation,  as  well  as  through 
direct  inhibition  of  osteoblastogenesis.  Furthermore,  we  found  the  increased  bFGF  was 
concurrent  with  increases  of  parathyroid  hormone  receptor  (PTHIR)  and  downstream 
transcription  factor  pCREB  in  Tgfbr2  KO  osteoblasts  with  PCS  co-culture.  These  increases  were 
abolished  by  blocking  PTHrP  in  the  co-culture  system,  suggesting  that  bFGF  is  at  least  partially 
up-regulated  by  PCS-derived  PTHrP  binding  with  the  increased  PTHIR  and  activating  the 
downstream  PKA/pCREB  signaling.  bFGF  is  a  potential  target  for  PCa  bone  metastasis. 

Keywords:  TGF-P  signaling,  KO,  Tgfbr2^^^^^’'‘^  KO,  osteoblasts,  osteoclasts, 

bFGF,  PTHrP,  PTHIR 


Overall  Project  Summary: 


To  determine  the  cell  specific  role  of  TGF-p  signaling  in  the  bone  microenvironment 
effects  on  PCa  bone  lesions. 

Osteoblasts  and  osteoclasts  specific  TGFBR2  knockout  mice,  KO  and 

KO  respectively,  were  generated  in  Rag2'^'  immune  deficient  background  and 


100  )iin 


Figure  1.  Osteoblast-specific  Cre  activity  and  bone 
histomorphometry  analyses  in  KO  mice. 

Mice  were  i.p.  injeeted  with  tamoxifen  for  5  eonseeutive 
days  at  4-5  weeks  old,  and  the  analyses  were  performed  5-7  d 
after  the  last  tamoxifen  injeetion.  A)  IHC  of  GFP  and  p- 
Smad2.  Red  lines  indieate  osteoblasts.  IHC  was  done  on 
serial  seetions  of  tibiae  from  or 

KO  miee.  GFP-positive  eells  (an  indieation  of  Cre  aetivity) 
were  speeifieally  deteeted  in  osteoblasts  of 
KO  miee,  eoneurrent  with  the  loss  of  p-Smad2  (seale  bar, 

100  pm).  B)  Histomorphometry  analyses.  Multinuleated  (>3 
nuelei)  TRAP -positive  eells  along  the  bone  were  eonsidered 
as  osteoelasts;  osteoblasts  were  identified  as  being  grouped, 
euboidal  or  eolumnar  in  shape  with  a  eentral  nueleus,  and 
loealized  on  the  bone  surfaees.  There  were  no  differenees  in 
the  numbers  of  osteoblasts  or  osteoelasts,  or  osteoelasts 
surfaee  per  bone  surfaee  analyzed  between  and 

¥Jd  miee  {t  test,  two-tailed,  n  >  3). 
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crossed  in  mT/mG  reporter  mice.  The  KO  miee  have  been  characterized  (3).  The 

KO  miee  were  characterized  for  the  eell-specificity  of  Cre  activities  [(Figure  1 
(also  see  Figure  2  in  2014  annual  report)],  and  bones  are  phenotypieally  normal  compared  to  the 
control  floxed  mice  by  x-ray  and  microCT  analyses  (data  not  shown) 


PCS  PCa-indueed  osteolytic  bone  lesion  development  was  significantly  promoted  in  the 
Tgfbr2^°^‘^’'‘^^^^  KO  miee  relative  to  Tgfbr2^^'^^  (eontrol)  littermates  (see  Figure  1  in  2015  annual 
report).  The  same  effect  was  repeated  in  DU145  cells  (see  Figure  2  in  2015  annual  report),  and 
using  Tgfbr2^^^’^‘^  KO  miee.  On  the  contrary,  PCS  or  LUCaP  bone  lesions  were  signifieantly 
decreased  in  the  Tgfbr2^^^^^''^  KO  miee  relative  to  the  Tgfbr2^^°^  miee  littermates  (see  Figure 
4«&5  in  2015  annual  report).  The  effects  on  PCS  bone  lesions  were  shown  in  Figure  2.  Further 
analysis  of  the  bone  lesions,  we  found  the  inereased  bone  lesions  were  presented  with  increased 
angiogenesis  and  proliferation  of  the  tumor  cells  in  the  bone  (see  Figure  3  in  2015  annual 
report),  and  eancer-assoeiated  fibroblasts  formation  (Figure  3). 


1000  um 


Figure  2.  Effects  of  and  KO  on  PC3-induced  bone  lesion  development. 

A  and  D)  Mean  bone  lesion  area  in  PC3-injeeted  mouse  tibiae.  The  bone  lesions  were  imaged  by  weekly  X- 
rays,  from  whieh  the  bone  lesion  areas  were  measured  using  Metamorph  software.  A)  The  average  total  area 
of  PCS  osteolytie  lesions  in  KO  miee  inereased  by  0.01  em^  per  week  more  than  lesions  in 

miee.  Signifieant  differenees  in  bone  lesion  development  were  found  between  Tgfbr2^^^^^^  and 
KO  miee  (linear  mixed-effeets  model  with  a  random  intereept,  ***  P  <  0.001,  n  >  9).  D)  The 
average  total  area  of  PCS  osteolytie  lesions  in  KO  miee  was  inhibited  by  0.01  em^  per  week 

relative  to  Tgfbr2^^^^^^  miee.  Signifieant  differenees  in  bone  lesion  development  between  Tgfbr2^^^^^^  and 
KO  miee  were  found  (linear  mixed-effeets  model  with  a  random  intereept,  ***  P  <  0.001,  n  > 
9).  B  and  E)  Representative  X-ray  images  of  the  osteolytie  bone  lesions  at  eaeh  time  point.  The  eireled  lines 
show  the  regions  of  interest  that  were  measured  and  analyzed  using  Metamorph  Software.  C  and  F) 
Representative  H&E  staining  of  the  tibiae.  The  red  outlines  indieate  the  PCS  tumor  growth  in  the  bone 
marrow  (seale  bar,  100  pm). 
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A 


Figure  3  KO  promoted  osteolytic  lesion  development  and  tumor  growth. 

A)  Quantitative  pCT  analyses.  Signifieant  deereases  in  trabeeular  bone  volume/total  bone  volume  (BV/TV), 
trabeeular  bone  number  (Tb.N),  but  inereased  trabeeular  bone  separation  (Tb.Sp)  were  found  in 

KO  tibiae,  relative  to  tibiae  from  miee.  All  data  were  normalized  to  the 

eontralateral  tibia,  {t  test,  two-tailed,  *  P  <  0.05,  **  p  <  0.01,  n  >  3).  Representative  IHC  staining  of  B)  CD31 
(2.0-fold  inerease)  (seale  bar,  200  pm)  and  C)  phosphorylated-histone  H3  (P-HH3)  (1.46-fold  inerease)  (seale 
bar,  250  pm).  D)  tartrate-resistant  aeid  phosphatase  (TRAP)  staining  (2.38-fold  inerease)  (seale  bar,  200  pm). 
Quantifieations  are  shown  to  the  right  of  the  image  panels.  E)  Representative  immunofluoreseenee  and 
quantifieation  of  the  a-SMA  positive  fibroblasts  (3.47-fold  inerease).  The  data  was  normalized  to  the  number 
of  GFP-positive  PC3  eells  (seale  bar,  50  pm). 


Therefore,  we  conclude  that  TGF-P  signaling  in  cells  of  the  osteoblasts  inhibits,  but  in  cells 
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of  the  myeloid  lineage  promotes  PCa  induced  bone  lesions. 

To  determine  the  cell-specific  xpRII  expression  in  PCa  patient  bone  metastatic  tissues. 

To  correlate  with  the  data  generated  from  our  mouse  model,  we  performed 
immunohistoehemistry  staining  of  T|3RII  in  patient  tissue  mieroarray  with  PCa  bone  metastasis 
tissues.  rpRII  was  highly  expressed  in  PCa  eells.  The  expression  level  of  TpRII  in  PCa  eells  if 
higher  in  bone  metastasis  tissues  relative  to  soft  organ  tissues  (Figure  4F).  However,  frequent 
loss  of  TpRII  was  found  in  caneer-assoeiated  osteoblasts  (CAOBs)  (Figure  4A-C). 


50  |jm 


300  jjm 


E 


F 


Bone  tissue  metastases  Visceral  tissue  metastases 


Figure  4.  TpRII  expression  in  PCa  patient  bone  metastasis  tissues. 

Immunohistochemical  (IHC)  analysis  of  TpRII  on  a  PCa  patient  bone  metastasis  tissue  mieroarray  eontaining  79 
PCa  bone  metastasis  and  62  viseeral  metastasis  tissues  (eaeh  having  three  eores)  plus  normal  tissues  as  eontrols.  A- 
D)  IHC  of  TpRII  showed  positive  (brown)  staining  in  PCa  eells  in  almost  all  samples  examined.  Loss  of  TpRII  in 
all  CAOBs  was  observed  in  21  out  of  40  tissues  in  whieh  osteoblasts  were  identified  (A&B,  indieated  by  red 
lines);  the  estimated  probability  of  this  loss  was  54.2%  (95%  Cl,  36.3%  to  68.2%).  A  mixture  of  both  loss  and 
expression  of  TpRII  among  CAOBs  was  observed  in  16  out  of  40  tissues  (C,  indieated  by  red  and  green  lines);  the 
estimated  probability  of  this  mixed  expression  was  40.5%  (mixed-effeets  logistie  regression,  95%  Cl,  27.6%  to 
54.4%).  (seale  bars:  upper  images,  300  pm;  lower  images,  50  pm)  Expression  of  TpRII  in  all  CAOBs  was 
observed  only  in  3  out  of  40  tissues  (D,  indieated  by  green  line);  the  estimated  probability  of  this  expression  was 
4.5%  (95%  Cl,  0.6%  to  13.4%).  E)  Assoeiation  analysis  of  eell-speeifie  TpRII  expression.  TpRII  expression  in 
CAOBs  was  positively  eorrelated  with  expression  in  CAFs,  but  not  with  expression  in  PCa  eells  (linear  mixed- 
effeets  model,  **P<0.0I).  F)  TpRII  expression  in  PCa  eells  of  bone  metastasis  tissues  was  signifieantly  higher 
than  in  viseeral  tissues  {t  test,  two-tailed,  ***P<0.00I). 


To  determine  the  downstream  mediator  for  cell  specific  role  of  TGF-P  signaling  in  the 
bone  microenvironment  effects  on  PCa  bone  lesion  development. 
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bFGF  was  identified  by  eytokine  array  sereening  and  confirmed  to  have  increased  expression  at 
both  mRNA  level  and  protein  level  in  PCS  induced  tibiae  of  KO  relative  to 

control  mice  (see  Figure  6&7  in  2014  annual  report).  IHC  revealed  that  the  bFGF  was  expressed 
mainly  in  osteoblasts  and  FGFRl  in  PCS  cells,  which  were  all  increased  in  the  lesions  from 
mouse  bone  relative  to  control  mouse  (see  Figure  6  in  2015  annual  report). 


Furthermore,  we  found  that  blocking  bFGF  using  bFGF  neutralizing  antibody  reduced  the 
increased  PCS  bone  lesions  in  KO,  while  the  recombinant  bFGF  protein 

promoted  the  PCS  bone  lesions  in  the  control  mice  to  the  level  as  in  the  KO  mice 

(Figure  5A,  B«&C).  These  effects  were  correlated  with  respective  changes  in  FGFRl,  FGFR4,  p- 
HHS  (phosphorylated  histone  HS,  marker  for  cell  proliferation),  CDSl  (marker  for  angiogenesis) 
and  a-SMA  (marker  for  CAFs  formation)  (Figure  5D«&E). 


Tibia  Injection 
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Figure  5.  bFGF  mediated  the  increased  PC3  bone  lesion  in  KO  mice. 

A)  Schedule  of  the  drug  treatment,  X-ray  image  aequisition,  and  end-point  eolleetion.  B)  Quantifieation  of  mean 
bone  lesion  area  in  PC3-injeeted  mouse  tibiae.  Signifieant  bone  lesion  development  was  found  between  groups 
of  the  following:  Flox_BSA  vs  KO_IgG,  Flox_BSA  vs  Flox_bFGF,  and  KO_IgG  vs  KO_Ab  (linear  mixed- 
effeets  model  with  a  random  intereept,  ***  p  <  0.001,  n  >  3).  C)  Representative  X-ray  images  from  eaeh  group 
at  the  final  time  point.  D)  Western  blot  analyses  from  whole  tibiae  harvested  at  the  final  time  point.  E) 
Representative  images  of  IHC  staining  of  p-HH3,  CD3I  and  a-SMA  (seale  bar,  100  pm). 
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In  vitro  studies  on  bFGF  effects  on  various  cell  types,  we  found  that  in  a  dose  dependent  manner, 
bFGF  stimulates  osteoclastogenesis.  These  effects  were  not  influenced  by  paracrine  osteoblast 
TGF-P  signaling,  since  there  were  no  differences  between  Tgfbr2^^°^  and  KO 

group.  bFGF  inhibits  ostoblastogeneses  dose-dependently,  and  these  effects  were  not  influenced 
by  cell-autonomous  TGF-P  signaling,  as  shown  by  no  significant  effects  between  control  and 
Tgfbr2  KO  groups.  However,  bFGF  has  no  direct  effects  on  PCS  proliferation  at  24  or  48  hrs 
treatments  (Figure  6). 
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Figure  6.  bFGF  promoted  osteoclastogenesis, 
inhibited  osteoblastogenesis,  but  had  no  effect 
on  PC3  proliferation. 

Cells  were  exposed  to  bFGF  at  the  doses  and 
time  points  as  indieated.  A)  Representative 
TRAP  staining  and  quantifieation  for  osteoelasts 
from  KO 

littermates.  A  dose-dependent  inerease  of 
osteoelast  differentiation  by  bFGF  was  observed, 
but  the  effeets  of  bFGF  were  not  different 
between  the  eell  lines,  (two-way  ANOVA,  ***  P 

<  0.001,  n  >  3).  B)  Representative  ALP  staining 
and  quantifieation  for  eontrol  osteoblasts  (OB- 
Flox)  and  osteoblasts  with  deletion  of  the  Tgfbrl 
gene  (OB-KO).  A  dose-dependent  deerease  of 
osteoblast  differentiation  by  bFGF  was  observed, 
and  the  effeets  of  bFGF  were  not  different 
between  the  eell  lines  (two-way  ANOVA,  ***  P 

<  0.001,  n  >  3).  C)  Representative  images  of 
PC3  eells  proliferation  that  were  stained  with 
erystal  violet.  bFGF  had  no  effeet  on  PC3  eell 
proliferation  after  24-h  or  48-h  treatment  with 
various  doses  (one  way  ANOVA,  n  >3). 


Figure  7.  Loss  of  XpRII  resulted  an  increase  of  PTHIR  through  which  bFGF  was  up-regulated  in 
osteoblasts  by  PC3-derived  PTHrP.  A)  Representative  western  blots  of  total  protein  extraeted  from 
osteoblasts  that  were  eo-eultured  with  PC3  eells,  n  =  5.  B)  Loss  of  XpRII  in  eaneer-assoeiated  osteoblasts 
(CAOBs)  resulted  an  inerease  of  PTHIR,  possibly  through  disruption  of  the  PTHlR/TpRII  endoeytosis 
indueed  by  PCa-derived  PTHrP.  The  inerease  of  PTHIR  was  bound  and  aetivated  the  downstream 
PKA/pCREB  signaling  by  PC3 -drived  PTHrP  to  up-regulate  bFGF.  bFGF,  in  turn,  promoted  PCa  indueed- 
bone  lesion  development  by  stimulating  the  differentiation  of  eaneer-assoeiated  osteoelasts  (CAOCs), 
inhibiting  the  differentiation  of  CAOBs,  and  potentially  stimulates  PCa  proliferation  through  inereasing 
eaneer-assoeiated  fibroblasts  (CAFs)  and  angiogenesis.  In  addition,  high  expression  of  XpRII  in  the  bone 
metastatie  PCa  eells  suggested  an  inereased  PTHrP  expression  by  TGF-p  from  the  bone  mieroenvironment. 
Note:  solid  lines  indieate  our  data  and  dashed  lines  indieate  published  data  from  others  or  our  hypotheses. 
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Thus,  we  conclude  that  bFGF  is  a  functional  mediator  for  osteoblastic  TGF-p  signaling  in 
PC3  bone  lesion  development.  bFGF  binds  to  FGFRl  and  FGFR4  to  regulate  tumor  cell 
proliferation,  angiogenesis  and  CAFs  formation. 

To  determine  the  mechanism  by  which  loss  of  TpRII  in  osteoblasts  up-regulates  bFGF 

Recent  publication  showed  that  xpRII  could  bind  with  PTHIR  to  undergo  endocytosis  in 
osteoblasts;  loss  of  TpRII  results  an  increase  of  PTHIR  through  disruption  of  the  TpRII-PTHlR 
endocytosis  {4).  In  osteoblasts  that  were  co-cultured  with  PCS  cells,  we  did  find  that  the  up- 
regulation  of  bFGF  was  concurrent  with  the  increased  PTHIR  and  pCREB  in  Tg/hrS  KO 
osteoblasts  (relative  to  control  osteoblasts).  These  increases  were  abolished  by  blocking  PTHrP 
using  neutralizing  antibody  in  the  co-culture  system  (Figure  7). 

Thus,  we  conclude  that  bFGF  is  up-regulated  in  cancer-associated  osteoblasts  at  least 
partially  through  PTHrP  binding  and  activating  the  increased  PTHIR,  which  is  resulted 
from  the  loss  of  TpRII. 

Key  Research  Accomplishments: 

1.  We  found  that  TGF-P  signaling  in  osteoblasts  inhibited,  but  in  myeloid  lineage  cells 
promotes  PCa-induced  bone  lesion  development. 

2.  We  determined  that  the  inhibited  PCS  bone  lesions  by  TGF-P  signaling  in  osteoblasts 
were  correlated  with  decreased  tumor  cell  proliferation,  angiogenesis  and  osteoclastogenesis  in 
the  bone. 

3.  We  identified  bFGF  as  a  functional  downstream  mediator  of  the  effect  of  osteoblastic 
TGF-P  signaling  on  PCa-induced  osteolytic  bone  lesion  development. 

4.  We  determined  the  mechanism  by  which  bFGF  facilitates  bone  lesions  through 
promoting  cell  proliferation,  angiogenesis  and  cancer-associated  fibroblasts  formation.  In 
addition,  bFGF  stimulates  osteoclastogenesis  and  inhibits  osteoblastogenesis.  Indirectly  affects 
on  PCa  proliferation  through  angiogenesis  and  CAFs  formation. 

5.  We  found  that  the  mechanism  by  which  bFGF  was  up-regulated  in  cancer-associated 
osteoblasts  with  loss  of  TpRII  was  at  least  partially  through  the  increase  of  PTHIR,  which  can  be 
bound  and  activated  by  PCa-derived  PTHrP. 

Conclusions: 

1.  TGF-P  signaling  in  cells  of  the  osteoblast  lineage  inhibits,  but  in  cells  of  the  myeloid 
lineage  promotes  PCa  induced  bone  lesions. 

2.  PCa  patient  bone  metastasis  tissues  have  loss  of  TpRII  in  cancer-associated 
osteoblasts,  while  high  expression  in  cancer  cells  from  bone  metastasis  tissues  versus 
soft  organ  tissues 

3.  bFGF  mediates  loss  of  TGF-P  signaling  in  the  osteoblasts  promoted  PC3  osteolytic 
bone  lesion  development. 

4.  Coordination  of  PTHrP  and  TGF-P  signaling  in  cancer-associated  osteoblasts  up- 
regulates  bFGF 

5.  bFGF  may  be  a  better  target  inhibiting  bone  lesion  development  through  effects  on 
osteoblasts,  osteoclasts  and  PCa  cells. 


Reportable  outcomes: 
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Prostate  cancer  (PCa)  is  the  second  leading  cause  of  cancer  death  in  men  worldwide. 
Most  PCa  deaths  are  due  to  osteoblastic  bone  metastases.  What  triggers  PCa  metas¬ 
tasis  to  the  bone  and  what  causes  osteoblastic  lesions  remain  unanswered.  A  major 
contributor  to  PCa  metastasis  is  the  host  microenvironment.  Here,  we  address  how  the 
primary  tumor  microenvironment  influences  PCa  metastasis  via  integrins,  extracellular 
proteases,  and  transient  epithelia-mesenchymal  transition  (EMT)  to  promote  PCa  progres¬ 
sion,  invasion,  and  metastasis.  We  discuss  how  the  bone-microenvironment  influences 
metastasis;  where  chemotactic  cytokines  favor  bone  homing,  adhesion  molecules  pro¬ 
mote  colonization,  and  bone-derived  signals  induce  osteoblastic  lesions.  Animal  models 
that  fully  recapitulate  human  PCa  progression  from  primary  tumor  to  bone  metastasis  are 
needed  to  understand  the  PCa  pathophysiology  that  leads  to  bone  metastasis.  Better  delin¬ 
eation  of  the  specific  processes  involved  in  PCa  bone  metastasize  is  needed  to  prevent 
or  treat  metastatic  PCa.  Therapeutic  regimens  that  focus  on  the  tumor  microenvironment 
could  add  to  the  PCa  pharmacopeia. 


Keywords:  prostate,  cancer,  tumor  microenvironment,  bone  metastasis,  EMT 


FOREWARD 

Prostate  cancer  (PCa),  one  of  the  most  common  non-skin  cancers, 
results  in  the  death  of  over  a  quarter  million  men  annually  world¬ 
wide  (1)  and  2.7%  American  men  are  estimated  to  die  from  this 
disease  in  their  lifetime  (2).  The  majority  of  PCa  deaths  are  due  to 
the  development  of  metastatic  disease,  80%  of  which  is  primarily 
localized  in  the  bone  (3).  Furthermore,  PCa  induces  an  osteoblas¬ 
tic  reaction  within  the  bone,  which  is  rarely  observed  with  other 
bone-metastatic  cancers. 

For  the  patient  who  presents  with  metastatic  disease,  as  evi¬ 
denced  by  bone  lesions  detected  by  X-ray  or  it  is  suspected  based 
on  a  high  Gleason  score,  the  first  line  of  treatment  after  surgical 
removal  of  the  primary  tumor  is  androgen-deprivation  therapy 
(ADT).  The  majority  of  prostate  tumors  require  androgen  for 
their  growth  and  survival  (4).  Thus,  the  initial  metastatic  tumor 
burden  in  a  patient  can  be  essentially  eliminated  and  they  appear 
to  enter  remission.  But  the  unfortunate  fact  is  that  some  subpop¬ 
ulation  of  these  cells  either  harbor  or  develop  resistance  to  ADT 
and  the  tumor  rapidly  regrows. 

Despite  lack  of  evident  dependence  on  circulating  androgen, 
these  castration-resistant  tumors  are  still  highly  addicted  to  andro¬ 
gen  and/or  its  cognate  receptor,  AR  (5-8).  Evidence  for  this  is  pro¬ 
vided  by  several  observations.  First,  second  generation  enhanced 
anti- androgen  therapies,  such  as  Enzalutamide,  are  effective,  even 
if  only  for  a  while,  in  patients  who  failed  the  first  round  of  ADT 
(5).  Second,  recent  evidence  indicates  the  tumor  itself  turns  on 


androgen  synthesis,  so  it  no  longer  needs  circulating  androgen  (9, 
10).  The  successful  use  of  drugs,  such  as  Abiraterone  (11),  that  tar¬ 
get  enzymes  in  the  androgen  synthetic  pathway  are  also  effective, 
again  albeit  for  a  short  time,  in  patients  who  failed  ADT.  Third, 
the  retention,  mutation,  and  amplification  of  AR  that  accompanies 
ADT-resistant  tumors  indicate  a  heavy  dependence  on  AR  for  the 
survival  and  continued  persistence  of  these  tumors.  Several  muta¬ 
tions  in  AR  are  known  to  confer  enhanced  function  and  include 
binding  to  other  steroids  or  deletion  of  the  ligand  binding  domain 
resulting  in  constitutive  activation  ( 12, 13).  Fourth,  AR  could  inde¬ 
pendently  enhance  invasion  and  metastasis  through  non-classical 
steroid  receptor  signaling  mechanisms  (14,  15).  Currently,  there 
are  no  approved  therapies  available  that  address  these  latter  two 
events. 

Development  of  additional  therapeutic  regimes  to  target 
metastatic  tumors  remains  severely  limited  by  the  lack  of  knowl¬ 
edge  about  (1)  what  triggers  PCa  metastasis  in  the  first  place,  (2) 
why  it  displays  such  a  predilection  for  the  bone,  and  (3)  why  it 
induces  an  osteoblastic  bone  phenotype.  The  molecular  events 
thought  to  be  involved  in  these  three  processes  share  a  common 
theme;  i.e.,  interactions  with  the  host,  often  referred  to  as  the 
tumor  microenvironment.  Current  approved  therapies  are  highly 
focused  on  targeting  events  occurring  intrinsically  in  the  tumor 
and  do  not  fully  consider  the  contributions  of  the  host.  Thus,  bet¬ 
ter  understanding  of  the  host  and  tumor  interactions  that  trigger 
and  drive  metastatic  processes  could  provide  additional  avenues 
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for  therapeutic  intervention.  In  this  review,  we  will  discuss  various 
possible  strategies  by  which  PCa  cell  interactions  with  the  sur¬ 
rounding  tumor  microenvironment  influence  the  development 
of  metastases,  homing  toward  the  bone,  and  the  development  of 
osteoblastic  lesions. 

TUMOR  MICROENVIRONMENT  IN  PROMOTING  PROSTATE 

CANCER  METASTASIS 

INTRODUCTION 

It  is  widely  accepted  that  the  tumor  microenvironment,  or  stromal 
compartment,  is  biologically  heterogeneous,  consisting  of  various 
cell  types,  such  as  flbroblasts,  endothelial  cells,  and  immune  cells, 
along  with  growth  factors  and  cytokines,  and  numerous  extra¬ 
cellular  matrix  (ECM)  components.  Paracrine  signals  from  these 
factors  released  by  the  tumor  activate  signaling  and  gene  expres¬ 
sion  in  the  neighboring  cells  and  vice  versa,  ultimately  setting  up  a 
cycle  of  reinforcement  and  continued  signal  propagation.  Interac¬ 
tions  between  the  cancer  cells  and  this  stromal  compartment  are 
required  for  invasion,  angiogenesis,  and  metastasis  of  cancer  cells 
to  ectopic  sites  (16-18).  The  factors  thought  to  drive  the  metastatic 
progression  of  PCa  and  to  play  an  important  role  in  the  interaction 
of  the  tumor  with  its  microenvironment  are  discussed  below. 

Olumi  et  al.  (18),  was  the  first  to  demonstrate  the  depen¬ 
dency  of  PCa  development  on  the  underlying  flbroblasts.  It  was 
recognized  that  flbroblasts  found  near  tumors,  i.e.,  carcinoma- 
associated  flbroblasts  (CAFs),  were  fundamentally  different  from 
those  in  non-tumorigenic  samples  (19,  20).  When  CAFs  isolated 
from  human  PCa  patients  were  mixed  with  initiated  human  non- 
tumorigenic  prostate  epithelial  cells,  this  was  sufficient  to  initiate 
tumorigenesis.  Normal  flbroblasts  lacked  this  capacity,  implicating 
the  importance  of  tumor-induced  fibroblast  effects  feeding  back 
on  the  initiated  tumor  cells.  In  another  study,  prostate  stromal 
cells  could  replace  Matrigel  in  FNCaP  subcutaneous  xenografts 
to  promote  tumor  growth.  One  effect  of  the  stromal  cells  was 
to  promote  angiogenesis  (21).  The  stromal  compartment  of  the 
normal  prostate  gland  is  full  of  smooth  muscle  cells.  However,  in 
PCa  lesions,  there  was  a  dramatic  loss  of  smooth  muscle  cells 
that  were  replaced  by  cells  displaying  myofibroblast  character¬ 
istics,  i.e.,  expression  of  Vimentin  and  increased  production  of 
matrix  remodeling  enzymes  like  Collagen  I  and  Tenascin  (22). 
This  remodeling  of  the  ECM  and  invasion  of  tumor  cells  into 
the  surrounding  stromal  compartment  define  a  cancerous  lesion, 
as  opposed  to  benign  disease.  The  interaction  of  the  prostate 
tumor  cells  with  the  remodeled  matrix  and  the  contribution  of 
the  tumor  cells  themselves  to  this  process  are  critical  first  steps  in 
the  movement  of  tumor  cells  out  of  their  normal  niche. 

INTEGRINS  IN  PCa  PROGRESSION 

Integrins  are  a  large  family  of  cell- surface  glycoproteins,  which 
form  heterodimeric  adhesion  receptors.  Integrins  bind  to  a  num¬ 
ber  of  ECM  components  and  regulate  cytoskeletal  organization 
to  maintain  cell  shape  and  facilitate  migration.  These  interac¬ 
tions  also  regulate  cell  survival,  proliferation,  adhesion,  migration, 
and  invasion  (23,  24).  PCa  initiation  and  progression  is  accom¬ 
panied  by  preferential  expression  of  integrin  a6pi,  reduction  in 
integrin  a3pi,  and  complete  loss  of  integrin  ^4  (25).  Integrin  a6, 
a  laminin  receptor  is  associated  with  poor  patient  prognosis  and 


increased  metastasis  in  a  wide  range  of  cancers  (26, 27).  In  the  nor¬ 
mal  prostate,  integrin  a6  complexed  with  integrin  P4  is  present  at 
the  basal  cell/stromal  interface;  however,  loss  of  integrin  polar¬ 
ity  occurs  during  progression  of  PIN  to  invasive  cancer  where 
basal  cells  are  lost  and  integrin  a6  complexed  with  integrin  pi 
abnormally  appears  in  the  luminal-like  compartment  (28). 

Integrin  a6pi  was  shown  to  play  two  major  roles  in  PCa,  pro¬ 
moting  cell  survival  and  facilitating  invasion  and  metastasis  (28- 
30).  Within  the  normal  prostate  epithelium,  integrin  expression 
is  limited  to  the  basal  cells,  being  absent  from  the  AR- expressing 
luminal  cells.  However,  during  PCa  development,  integrin  a6pi 
becomes  co-expressed  with  AR  in  the  tumor  cells  (31).  AR  directly 
binds  the  integrin  a6  promoter  and  induces  the  expression  of  inte¬ 
grin  a6pi,  while  simultaneously  decreasing  integrin  P4  expression 
(29).  Adhesion  of  PCa  tumor  cells  to  laminin  to  engage  a6pi  pro¬ 
moted  AR-dependent  survival  of  the  cells.  Survival  was  mediated 
through  AR- induced  integrin  a6P  1  and  subsequent  activation  of 
NF-kB  and  Bcl-xL  expression  (29).  This  AR/a6pi  pathway  was 
active  in  metastatic  cell  lines,  and  elevated  in  castration-resistant 
cells.  Laminins  are  abundant  in  the  bone  microenvironment,  with 
Laminin- 10  being  the  most  highly  expressed  (32, 33),  thus  provid¬ 
ing  a  mechanism  for  activating  the  integrin  a6P  1  survival  pathway 
in  the  bone.  Elevated  NF-kB  activity  plays  a  critical  role  in  PCa 
progression  (34,  35).  Another  study  demonstrated  that  secretory 
proteins  from  prostate  neuroendocrine  cells  activate  NF-kB  sig¬ 
naling  in  the  tumor  cells,  which  in  turn  transcriptionally  activates 
AR  in  the  tumor  cells  to  promote  castration-resistant  cell  growth 
(36).  The  potential  role  of  integrin  a6pi  in  this  process  remains  to 
be  determined.  It  was  previously  shown  that  the  integrin  P la  vari¬ 
ant  is  expressed  in  PCa  tumors,  while  the  pic  variant  is  present  in 
normal  tissue  (37).  Signaling  through  the  P 1  c  variant  was  shown  to 
suppress  p27kip,  a  major  negative  cell  cycle  regulator  and  tumor 
suppressor  known  to  be  disregulated  in  PCa.  Thus,  a  potential 
a6pia  variant  may  contribute  to  PCa  proliferation. 

Integrin  a6  remains  the  primary  integrin  expressed  in  lymph 
node  and  soft  tissue  metastases,  indicating  high  retention  and 
selection  for  this  integrin  during  metastasis  (38).  Cleavage  of 
integrin  a6  by  uPA  is  associated  with  invasive  PCa,  the  cleavage 
product  is  detected  in  tumors  but  not  in  normal  prostate  tissue, 
and  promotes  PCa  cell  invasion  and  migration  on  laminin  (39, 40). 
Furthermore,  inhibiting  integrin  a6-mediated  adhesion  or  cleav¬ 
age  delayed  experimental  lung  metastasis  (28,  41),  reduced  bone 
growth  in  mouse  femurs,  and  increased  responses  of  metastatic 
PCa  cells  to  ionizing  radiation  (42, 43). 

Laminin  integrins  like  a6pi  and  a3pi  associate  with  trans¬ 
membrane  scaffold  and  membrane  organizing  molecules  called 
tetraspanins  (44).  Tetraspanin  KAI/CD82  was  first  identified  as 
a  metastasis  suppressor  in  PCa  (45).  Loss  of  CD82  in  human 
PCa  correlates  with  poor  prognosis,  but  by  itself  is  not  suffi¬ 
cient  to  predict  metastasis  (46).  Studies  in  PCa  cell  lines  in  vitro 
demonstrate  that  CD82  is  capable  of  suppressing  integrin-based 
functions  including  signaling,  migration,  and  invasion  (47-50). 
CD82  regulates  the  internalization  and  turnover  of  integrins  and 
suppress  integrin  signaling  through  Met  and  Src  (47,  48).  Its  role 
in  suppressing  integrin  functions  was  further  validated  in  KO 
mice.  However,  the  dependency  on  integrins  for  its  metastasis  sup¬ 
pressive  functions  did  not  prove  to  be  valid  (CKM,  unpublished 
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data).  Furthermore,  while  restoration  of  CD82  to  metastatic  cells 
suppresses  metastasis,  it  loss  in  primary  PCa  is  not  sufficient  to 
induce  metastasis  in  genetically  engineered  mice  (CKM,  unpub¬ 
lished  data).  Thus,  additional  factors  or  as  yet  unidentified  mecha¬ 
nism  is  involved  in  CD82  suppression  of  metastasis.  A  more  likely 
target  is  its  role  in  promoting  cell-cell  adhesion  (51),  discussed 
further  in  the  EMT  section. 

The  importance  of  integrin  a2pi  in  PCa  metastasis  is  also 
emerging  (31).  Integrin  a2pi  binds  collagen,  another  major  com¬ 
ponent  of  the  prostate  basement  membrane  and  bone  microenvi¬ 
ronment.  Manipulation  of  integrin  a2  expression  in  LNCaP  cells 
demonstrated  a  direct  correlation  between  integrin  a2  expression 
and  the  ability  to  grow  in  the  bone  (52).  RANKL  expression  in  PCa 
cells  enhances  bone  metastasis.  Integrin  a2  integrin  expression  and 
function  was  stimulated  in  PCa  cells  overexpressing  RANKL  (53). 

Thus,  many  studies  support  the  importance  of  integrins  in  PCa 
development  and  progression  by  promoting,  survival,  prolifer¬ 
ation,  invasion,  and  metastasis.  Targeting  specific  integrins  and 
their  matrix  interactions  may  provide  a  way  to  prevent  metastatic 
bone  PCa. 

PROTEASES  IN  PCa  TUMOR  INVASION  AND  METASTASIS 

Breakdown  of  the  basement  membrane  surrounding  the  prosta¬ 
tic  ducts  and  invasion  of  prostate  cells  into  the  stromal  com¬ 
partment  defines  the  pathology  of  prostate  adenocarcinoma. 
Proteases  that  mediate  basement  membrane  and  stromal  ECM 


degradation  are  crucial  for  this  process  and  represent  the  first 
steps  toward  metastatic  dissemination  (Figure  1).  Penetration 
into  and  out  of  the  vasculature  and  lymphatics  similarly  requires 
proteases  (54,  55). 

Type  II  transmembrane  serine  proteases,  like  Matriptase  and 
Hepsin,  which  are  important  for  normal  epithelial  tissue  devel¬ 
opment  and  repair,  contribute  to  the  breakdown  of  the  basement 
membrane  in  PCa  (56).  Hepsin  is  dramatically  up-regulated  in 
PCa  and  represents  one  of  the  most  highly  overexpressed  proteins 
in  PCa  microarrays  (57).  Elevated  Hepsin  expression  is  associ¬ 
ated  with  high  Gleason  score  and  poor  clinical  outcome  (55,  58, 
59).  Hepsin  overexpression  in  the  prostate  epithelium  causes  dis¬ 
organization  of  the  basement  membrane  and  its  overexpression 
in  PCa  cell  lines  promotes  lymph  node  metastasis  (57).  Hepsin 
reportedly  cleaves  and  activates  pro-HGF  produced  by  activated 
fibroblasts  within  the  stroma,  thereby  activating  the  receptor  tyro¬ 
sine  kinase  Met  signaling  pathway;  a  known  activator  of  epithelial 
cell  scattering,  migration,  and  invasion  (60).  However,  it  was  also 
reported  that  another  Hepsin  target  is  Laminin-5,  a  major  com¬ 
ponent  of  the  prostatic  basement  membrane,  which  is  lost  during 
PCa  development  (61). 

Matriptase  is  expressed  in  many  cancers  and  increased  expres¬ 
sion  is  seen  in  primary  prostate  tumors  and  metastatic  lesions 
(62-64).  One  of  its  reported  targets  is  Laminin-5,  deposited  in  the 
prostatic  duct  basement  membrane  primarily  by  the  basal  epithe¬ 
lial  cells.  Laminin-5  expression  is  lost  in  PCa,  coinciding  with  the 


FIGURE  1  I  Interactions  of  PCa  cells  with  an  extracellular  matrix 
that  is  remodeled  by  cancer-associated  fibroblasts,  and  soluble 
factors  and  proteases  released  within  the  tumor  microenvironment 
induce  EMT  and  subsequent  invasion  and  dissemination  of  cancer 
cells.  In  the  primary  tumor  microenvironment,  the  epithelial  cancer  cells 
are  surrounded  by  the  cancer-associated  fibroblasts  (CAF),  pericytes, 
and  various  extracellular  matrix  (ECM)  proteins.  This  tumor 


microenvironment  produces  various  factors  like  TNFa,  TGF^,  Wnt,  and 
FIIF-la  which  promote  EMT  via  up-regulation  of  specific  transcription 
factors.  EMT  programing  leads  to  a  mesenchymal  phenotype  of  the 
cancer  cells  and  with  the  help  of  various  proteases  (MMPs,  Matriptase, 
Flepsin),  the  cancer  cells  cleave  the  ECM,  break  away  from  the  tumor 
microenvironment  and  intravasate  into  the  blood  vesicles  to  travel  to 
distal  organs. 
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loss  of  its  primary  receptor,  integrin  P4  (65).  Active  degradation 
combined  with  loss  of  secretion  within  the  emerging  PCa  cells 
likely  accounts  for  the  lack  of  Laminin- 5  in  PCa  tumors.  Whether 
Laminin- 10,  another  component  of  the  prostate  basement  mem¬ 
brane,  which  is  not  lost  during  PCa  development,  is  also  cleaved 
by  Matriptase  or  Hepsin  is  not  known. 

While  Hepsin  expression  is  apparently  not  controlled  by  AR, 
both  Matriptase  expression  and  its  cleavage  is  highly  controlled  by 
androgen  signaling  (66).  Rapid  cleavage  within  minutes  of  andro¬ 
gen  stimulation,  mediated  by  Src  signaling,  is  followed  by  a  more 
long  term  increase  in  new  Matriptase  mRNA,  thus  providing  a 
mechanism  for  replenishing  depleted  pools.  Because  Matriptase 
is  essential  for  detachment  of  epithelial  suprabasal  cells  during 
skin  differentiation  (67),  and  the  AR-positive  luminal  cells  also 
must  detach  upon  differentiation,  it  is  highly  likely  that  Matrip¬ 
tase  is  also  important  in  prostate  epithelial  differentiation.  That 
AR,  within  the  newly  emerging  luminal  cells,  can  control  integrin 
expression  and  a  protease  that  degrades  basement  membrane  has 
interesting  implications  about  how  AR  contributes  to  preserving 
a  luminal  phenotype  and  may  promote  loss  of  basal  cells  during 
PCa  development  (68). 

Two  other  proteases,  which  are  known  direct  AR  transcrip¬ 
tional  targets,  PSA  and  TMPRSS2,  are  normally  secreted  into  the 
lumens  of  prostatic  ducts  (69,  70).  However,  due  to  loss  of  epithe¬ 
lial  polarization  and  invasion  into  stromal  areas,  these  enzymes 
are  now  also  present  within  the  tumor  microenvironment  (71). 
Their  relative  importance  in  PCa  development  or  progression  has 
remained  largely  undetermined. 

The  most  extensively  studied  proteases  linked  with  invasion 
and  metastasis  are  the  matrix-metalloproteinases  (MMP).  MMPs 
are  involved  in  the  degradation  of  the  stromal  ECM  components 
such  as  Collagen  and  Fibronectin  (72,  73).  In  normal  tissues, 
MMPs  play  a  major  role  in  ECM  remodeling  involved  in  develop¬ 
ment  and  tissue  repair.  Their  misregulation  contributes  to  many 
disease  states,  including  rheumatoid  arthritis,  pulmonary  emphy¬ 
sema,  and  tumor  invasion  and  metastasis  (74-77).  Active  MMPs 
are  secreted  mainly  from  the  cells  in  the  tumor  microenvironment, 
such  as  connective  tissue,  fibroblasts,  endothelial  cells,  osteoblasts, 
macrophages,  and  neutrophils  but  also  by  cancer  cells.  Active 
MMPs  are  used  by  cancer  cells  to  invade  the  stromal  compartment 
both  at  the  primary  site  and  at  metastatic  sites  (75,  76). 

In  PCa,  MMP-2  and  -9  are  considered  useful  prognostic  mark¬ 
ers  and  these  MMPs  promote  invasion  and  metastasis  of  PCa 
cells  (78,  79).  Elevated  levels  of  MMP-2/9  in  serum  or  plasma 
are  correlated  with  high  Gleason  score  (78-80).  Overexpression  of 
MMP- 1  promoted  PCa  cell  invasion  and  experimental  metastasis, 
and  inhibition  of  MMP- 1  activity  decreased  PCa  tumor  growth  in 
mice,  indicating  the  importance  of  MMP- 1  in  regulating  PCa  inva¬ 
sion  and  metastasis  (81).  Induction  of  PCa  invasion  by  MMP-9  is 
mediated  through  cleavage  and  subsequent  inactivation  of  the  ser- 
pin  protease  nexin-1  (PN-1).  PN-1  is  known  to  inhibit  urokinase 
plasminogen  activator  (uPA)  and  thus  inhibits  PCa  progression 
and  metastasis  (82).  uPA  and  its  receptor  (uPAR)  promote  PCa 
metastasis,  as  down  regulation  of  uPA  or  uPAR  inhibited  PCa 
cell  invasion  and  metastasis  (83,  84).  When  this  is  coupled  with 
the  reported  role  of  uPA  in  cleaving  integrin  a6  (39),  it  becomes 
apparent  how  concerted  efforts  of  proteases  and  integrin-based 
cell  adhesion  work  together  to  promote  invasion  and  metastasis. 


Attempts  to  therapeutically  target  the  MMPs,  as  a  whole  class, 
failed  in  clinical  trials;  resulting  in  worse  outcomes  (85).  The  lack 
of  specificity  to  specific  MMPs  and  the  unforeseen  protective  role 
of  some  MMPs  are  thought  to  have  contributed  to  the  failure. 
Thus,  there  has  been  much  resistance  to  trying  to  identify  specific 
MMP  inhibitors.  On  the  other  hand,  preclinical  testing  of  a  small 
molecule  Hepsin  inhibitor  demonstrated  it  blocked  PCa  metas¬ 
tasis  in  a  genetic  mouse  model  (57).  Curcumin  has  the  capacity 
to  inhibit  androgen  induced  Matriptase  activation  and  displays 
anti-metastatic  properties  (86).  Antibodies  that  block  Matriptase 
cleavage  have  been  reported  (87),  and  a  natural  protein  product 
produced  by  bacteria,  Ecotin,  is  a  natural  Matriptase  inhibitor 
(88),  either  of  which  may  offer  a  therapeutic  advantage.  More 
work  in  defining  the  protease  targets  and  mechanisms  for  inducing 
invasion  and  metastasis  is  clearly  warranted. 

EPITHELIAL-MESENCHYMAL  TRANSITION  IN  PROMOTING  PCa 
METASTASIS 

The  steps  that  lead  to  PCa  metastasis  (Figure  1)  include  degrada¬ 
tion  of  the  ECM,  detachment  of  the  cancer  cells  from  the  ECM  as 
well  as  their  detachment  from  each  other,  migration  toward  and 
subsequent  entry  into  the  blood  or  lymphatic  system  (89-91).  The 
machinery  and  signaling  pathways  used  in  these  invasive  events  are 
part  of  the  normal  wound  healing  response  of  epithelial  tissues. 
Upon  tissue  damage,  a  host  of  growth  factors  and  cytokines  are 
released  from  the  blood  stream  that  activate  the  stromal  fibroblasts 
(PDGF,  TGF-P),  endothelial  cells  (VEGF,  FGF,  IL8),  and  epithelial 
cells  (HGF,  TGF-P)  to  repair  the  tissue  and  fill  in  the  wound  (92). 
Through  these  signals  epithelial  cells  are  forced  to  loosen  their 
matrix  adhesions  via  activation  of  proteases  and  integrin  signal¬ 
ing,  and  are  induced  to  migrate  across  matrix  being  remodeled  by 
the  stroma.  Some  may  even  detach  from  each  other  to  facilitate 
filling  in  the  wound.  It  is  this  latter  event,  loss  of  cell-cell  adhesion 
and  depolarization  of  epithelial  cells  that  is  thought  to  trigger  the 
final  conversion  of  primary  cancer  cells  into  metastatic  ones.  Once 
loosened  from  the  matrix  and  from  each  other,  these  cells  are  now 
free  to  roam  if  they  have  acquired  the  proper  mutations  that  allow 
them  to  survive  as  non -adherent  cells. 

This  process  is  referred  to  as  epithelial-mesenchymal  transition 
(EMT),  where  the  loosened  epithelial  cells  take  on  the  physical 
properties  of  mesenchymal  fibroblast-like  cells  (92).  The  clas¬ 
sical  marker  of  EMT  is  cadherin  switching;  where  E-Cadherin 
expression  is  lost  and  N-Cadherin  is  gained  (89,  90).  E-cadherin, 
which  promotes  homotypic  binding  between  two  adjacent  epithe¬ 
lial  cells,  prevents  the  cancer  cells  from  breaking  away  from  each 
other  and  reinforces  tight  junctions  to  preserve  epithelial  barrier 
function  and  apical/basal  polarity  (90,  93).  The  metastasis  sup¬ 
pressor,  tetraspanin  CD82,  promotes  E-cadherin-based  cell-cell 
adhesion,  and  suppresses  integrin-based  migration  (51).  Loss  of 
this  crucial  regulator  reduces  cell-cell  adhesion,  while  at  the  same 
time  promoting  enhanced  migration;  thus,  its  loss  would  strongly 
facilitate  an  EMT-like  phenotype.  Decreased  CD82,  E-Cadherin, 
or  P-catenin  (the  anchoring  protein  for  E-cadherin)  is  associated 
with  poor  PCa  prognosis  (23, 46, 94, 95).  TGF-P  is  the  most  classi¬ 
cal  inducer  of  EMT,  signaling  through  Smad  family  transcription 
factors  to  induce  the  expression  of  the  EMT-regulating  tran¬ 
scription  factors  Snail,  Slug,  Zeb-1,  and/or  Twist  (96-100).  These 
EMT-associated  transcription  factors,  through  interactions  with 
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epigenetic  regulators,  control  expression  of  genes  involved  in  cell 
polarity,  cell-cell  contact,  cytoskeleton  structure,  and  ECM  degra¬ 
dation  (Figure  1),  including  repression  of  the  E-cadherin  gene 
(101). 

While  EMT  is  well-established  in  several  other  epithelial  cancer 
types,  its  specific  role  in  PCa  remains  controversial.  This  is  com¬ 
plicated  by  the  histological  data  demonstrating  that  PCa  remains 
very  epithelial-like  in  both  primary  tumors  and  in  metastatic  tis¬ 
sues;  expressing  E-cadherin  and  other  classical  prostate  epithelial 
markers  (94,  102).  Yet,  a  few  isolated  tumor  cell  lines,  especially 
those  that  have  lost  AR  expression,  readily  adapt  EMT  pheno¬ 
types  and  are  relatively  invasive  and  metastatic  (102-104).  The 
necessary  presence  of  AR  in  PCa  tumors,  which  drives  a  luminal 
differentiation  phenotype  may  make  the  conversion  to  EMT  a  rel¬ 
atively  difficult  process  ( 103).  It  might  explain  the  long  latency  for 
conversion  of  primary  PCa  to  metastatic  disease  (105).  The  het¬ 
erogeneous  display  of  EMT  phenotypes  in  PCa  and  other  human 
tumor  samples,  has  fueled  the  hypothesis  that  EMT  is  a  transient 
process  necessary  for  escape  and  dissemination,  that  reverses  back, 
i.e.,  MET  (mesenchymal  epithelial  transition)  when  cells  reach 
their  distant  sites.  A  study  that  tested  this  hypothesis  using  a  Tet- 
inducible  model,  demonstrated  that  transient  induction  of  EMT 
was  required  for  the  migration  of  squamous  carcinoma  cells  out 
of  the  skin  into  the  blood  stream,  and  subsequent  shut  off  was 
required  to  establish  metastatic  tumors  in  the  lung  (106).  If  this 
happens  in  PCa  is  not  clear,  and  the  factors  that  drive  it  are  even 
less  clear. 

The  soluble  factors  that  are  secreted  into  a  wound  by  physical 
disruption  are  the  same  factors  present  in  the  tumor  microen¬ 
vironment.  Transforming  growth  factor-^  (TGE-P)  is  a  potent 
inducer  of  EMT  and  is  released  by  many  cellular  components  of  the 
tumor  microenvironment.  However,  the  ability  of  primary  tumors 
to  respond  to  TGE-P  is  hindered  by  the  normal  growth  inhibitory 
effects  of  TGE-P  signaling,  and  thus  the  tumor  cells  typically  block 
this  pathway.  So  the  cells  must  find  ways  to  reactive  some  aspect 
of  TGE-P  signaling  that  doesn’t  cause  growth  suppression  or  find 
other  indirect  ways  to  stimulate  EMT.  One  study  suggested  that 
direct  cell-cell  contact  between  tumor  cells  and  platelets  synergis- 
tically  cooperated  with  TGE-P,  to  directly  activate  NE-kB  signaling 
in  the  tumor  cell  to  promote  EMT  and  metastasis  (107). 

Inflammation  induced  during  wound  healing  and  in  tumors 
also  impacts  the  behavior  of  tumor  cells.  Many  studies  have 
demonstrated  that  wounding  is  a  tumor-promoting  event,  espe¬ 
cially  chronic  wounding  where  inflammation  is  high  (92).  The 
role  of  inflammation  in  PCa  initiation  was  originally  identified 
histologically  by  the  presence  of  prostate  inflammatory  atrophy 
(PIA)  in  tumor  samples  (108).  Recent  mouse  studies  demon¬ 
strate  that  prostatic  inflammation  induced  by  prostitis,  enhances 
basal-to-luminal  differentiation  and  accelerates  the  initiation  of 
PCa  (109).  Two  sources  for  inflammatory  signaling  in  PCa  have 
been  proposed,  the  stromal  cancer-associated  fibroblasts  (110) 
or  mesenchymal  stem  cells  (111).  A  recent  study  highlighted  the 
importance  of  adipocytes  in  inducing  inflammatory  responses  in 
PCa  cells  within  the  bone  through  the  lipid  chaperone  PABP4, 
triggering  IL-ip  expressing  and  oxidative  stress  protein  HMOX- 
1  (112).  Other  studies  proposed  the  inflammatory  responses  in 
PCa  are  mediated  through  NE-kB  signaling  (113).  Inflammatory 


cytokines  like  TNEa  and  interleukins  produced  by  both  tumor 
cells  and  surrounding  cells  (114)  activate  NE-kB  signaling  and 
one  consequence  of  this  is  the  release  of  TGE-P  (115,  116). 

Non-TGE-P  pathways  can  also  activate  EMT.  TNEa  can  act 
independently  of  TGE-P  to  induce  EMT  by  repressing  GSK- 
3p,  activating  the  AKT  pathway,  and  stabilizing  Snail  (117-119). 
Wnt  signaling  also  stimulates  EMT  in  PCa  cells.  Expression  of 
SOX2  induces  EMT,  and  this  was  shown  to  be  mediated  by 
SOX2  binding  to  and  activating  P-catenin  (120).  The  PCa-speciflc 
fusion  and  oncogene,  TMPRSS2-Erg,  enhances  cell  invasion  (121, 
122).  Manipulation  of  the  fusion  gene  in  VCaP  cells,  altered 
Erizzled4  (Ezd4)  expression  (123).  Ezd4  signaling  promoted  cell 
adhesion-related  EMT  phenotypes  in  VCaP  cells.  HIE  la,  acti¬ 
vated  under  hypoxic  conditions,  promotes  aggressive  tumor  cell 
invasion  and  metastasis  (124,  125).  Overexpression  of  HIEla  in 
some  PCa  tumor  cell  lines  promoted  EMT  that  was  dependent  on 
P-catenin  (126). 

Eurther  demonstration  that  EMT/MET  phenotypic  conver¬ 
sions  are  essential  for  the  progression  and  metastasis  of  PCa  to  the 
bone  is  highly  warranted.  While  current  mouse  models  have  been 
effective  at  defining  specific  molecular  events  occurring  within 
the  primary  tumor  or  bone-resident  tumors,  the  process  whereby 
a  confined  prostate  tumor  is  converted  to  a  metastatic  bone  tumor 
has  not  been  adequately  modeled.  The  models  do  not  currently 
reflect  what  is  observed  in  human  patients;  i.e.,  AR-positive  epithe¬ 
lial  cells  that  migrate  to  and  take  up  residence  in  the  bone  to 
induce  an  osteoblastic  bone  reaction.  Understanding  the  specific 
genetic  and  epigenetic  alterations  that  promote  EMT-like  phe¬ 
notypes  in  PCa  will  be  important  to  understanding  the  switch 
between  indolent  and  lethal  PCa,  improving  staging  and  prognosis 
of  PCa  patients  and  preventing  over  treatment. 

TUMOR  MICROENVIRONMENT  IN  PROSTATE  CANCER  BONE 
HOMING  AND  COLONIZATION 
SECRETED  FACTORS  IN  PCa  BONE  HOMING 

Different  types  of  cancers  develop  metastases  in  very  specific 
organs.  Several  secreted  factors  have  been  proposed  to  promote 
organ-specific  homing  (Figure  2).  A  few  of  these  chemotactic 
signals  can  attract  cancer  cells  toward  the  bone.  Conditioned 
media  from  osteoblasts  differentiated  in  vitro  served  to  induce 
migration  and  invasion  of  breast  and  melanoma  cells,  indicating 
osteoblasts  secrete  potent  factors  that  can  induce  metastasis  to  the 
bone  (127,  128).  Osteonectin,  a  purified  active  factor  from  the 
bone,  promoted  invasion  of  bone-metastatic  cancer  cells,  but  not 
the  non-bone-metastatic  cancer  cells  indicating  that  bone  possess 
chemotactic  factors  that  can  promote  tissue-specific  homing  of 
cancer  cells  (129).  It  was  demonstrated  that  osteoblast  conditioned 
media  containing  higher  amounts  of  TGF-P  promoted  chemotaxis 
and  invasion  of  PC3  cells.  Given  the  abundance  of  TGF-P  in  the 
bone  environment,  it  could  act  as  a  chemo-attr actant  of  PCa  cells 
to  the  bone  (130). 

Chemokines  and  cytokines  have  chemo-attr  actant  properties 
that  play  an  important  role  in  the  cancer  cell  proliferation,  sur¬ 
vival,  and  gene  transcription.  Chemokine  receptors  are  involved 
in  many  processes  of  cancer  metastasis  (131,  132).  Mice  bear¬ 
ing  autoimmune  arthritis  have  higher  incidence  of  breast  cancer 
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FIGURE  2  I  PCa  cells  home  to  bone  by  chemo-attractants  and 
colonize  through  direct  association  with  osteoblasts,  where  the  PCa 
cells  secrete  factors  that  promote  osteoblastic  responses  and  the 
osteoblasts  reinforce  tumor  cell  survival  and  growth.  Expression  of 
various  chemo-attractants  (Osteonectin,  TGFp,  CXCL12,  VEGF)  guide  PCa 
cells  to  extravasate  and  home  toward  the  bone.  Once  in  the 


bone-microenvironment  the  cancer  cells  interact  with  bone-forming 
osteoblasts  via  Cadherin-11.  Factors  like  BMR  ET-1,  Wnt,  or  PDGF, 
secreted  from  the  cancer  cells  promote  the  proliferation  and 
differentiation  of  osteoblasts.  In  turn  the  bone-microenvironment 
secretes  soluble  factors  like  FGF,  IGF,  andTGF^  to  promote  tumor  cell 
survival  and  proliferation. 


metastasis  to  the  bone,  which  was  proposed  to  be  due  to  the  pres¬ 
ence  of  higher  amounts  of  circulating  levels  of  pro-inflammatory 
cytokines  in  these  autoimmune  arthritic  mice  (133). 

The  chemoldne  receptor,  CXCR4,  and  its  ligand  CXCL12/SDF 
are  widely  studied  in  PCa  bone  metastasis  (134, 135).  In  bone  mar¬ 
row,  CXCL12  is  expressed  in  osteoblasts,  flbroblasts,  and  endothe¬ 
lial  cells  (136).  Blocking  CXCR4  in  PCa  cells  using  neutralizing 
antibody  inhibited  the  dissemination  and  colonization  of  PCa  cells 
in  mice  tibia  following  intra-cardiac  injection  (135).  Aktl  report¬ 
edly  induces  the  expression  of  CXCR4  in  PTEN-null  PCa  cells,  and 
overexpression  of  Akt-1  promoted  intra-tibial  tumor  growth  of 
PCa  cells  (137).  These  results  indicate  that  Akt-1  might  be  induc¬ 
ing  the  CXCR4/CXCL12  axis  and  thus  promoting  PCa  metastasis. 
PCa  cells  home  toward  areas  in  the  bone  marrow  rich  in  osteoblasts 
where  the  hematopoietic  stem  cell  (HSC)  niche  resides.  In  fact, 
PCa  cells  can  bind  to  and  displace  mouse  HSCs  from  the  niche. 
Furthermore,  the  cancer  cells  egress  out  of  the  HSC  niche  into 
the  blood  when  CXCR4  signaling  is  blocked  by  AMD3100  (138). 
These  flndings  suggested  that  the  CXCL12/CXCR4  axis  is  impor¬ 
tant  for  chemotaxis  of  PCa  cells  to  the  bone.  However,  inhibiting 
CXCR4  with  CTCE-9908,  a  drug  approved  by  FDA  for  osteosar¬ 
coma,  inhibited  spleen,  liver,  and  lymph  node  metastasis  of  PCa 
cells,  indicating  CXCR4  maybe  a  common  metastatic  factor,  rather 
than  one  that  is  bone  speciflc. 

ECTOPIC  SITE  PRE-REMODELING 

The  famous  “Seed  and  Soil”  hypothesis,  put  forward  more  than 
100  years  ago  by  Dr.  Stephen  Paget,  was  used  to  explain  why  differ¬ 
ent  types  of  cancer  preferentially  metastasize  to  different  speciflc 
tissues.  The  theory  proposed  that  distant  organs,  like  the  bone,  pro¬ 
vide  a  preferred  “fertile  soil”  for  cancer  cells,  and  the  cancer  cells 
were  preferentially  attracted  to  that  tissue.  However,  Isaiah  Fidler’s 
group  demonstrated  that  tumor  cells  were  present  in  vasculature 
of  all  the  organs,  yet  metastasis  only  developed  in  certain  organs 


but  not  in  others  (139, 140).  David  Lydens  group  put  forward  the 
pre-metastatic  niche  model,  where  remodeling  of  only  the  pre¬ 
ferred  ectopic  site(s)  for  metastasis  occurs  much  earlier,  before  the 
cancer  cells  even  break  away  from  the  primary  tumor  (139). 

The  niche  remodeling  events,  mediated  by  soluble  factors  acting 
on  non-cancer  cells,  govern  the  route  of  dissemination  of  can¬ 
cer  cells  to  a  speciflc  microenvironment.  They  demonstrated  that 
bone  marrow- derived  hematopoietic  progenitor  cells  expressing 
VEGF  receptor  1  (VEGFR-1),  homed  to  the  speciflc  metastatic 
sites  through  integrin  a4pi.  At  the  same  time,  the  tumor  cells 
secrete  factors  that  induce  the  flbroblasts  within  the  pre- metastatic 
niche  to  secrete  Fibronectin,  an  a4pi  ECM  ligand.  The  VEGFRl- 
positive  cells  then  promote  chemo- attraction  and  adherence  of 
circulating  tumor  cells  (141).  Consistent  with  this  idea,  Hirut- 
suka  et  al.  (142)  demonstrated  in  a  mouse  model  of  melanoma 
metastasis  that  VEGF-A,  TGF-P,  and  TNF-a  released  from  the  pri¬ 
mary  tumors  induced  the  expression  of  chemokines  in  the  lung 
parenchyma  but  not  in  other  organs.  In  another  study,  persis¬ 
tent  STAT3  activation  was  detected  in  distant  organs  such  as  the 
lung  before  tumor  cell  arrival.  S1PR1-STAT3  up-regulation  in 
tumor  cells  induced  S1PR1-STAT3  at  these  distant  sites  and  in 
myeloid  cells.  Ablation  of  STAT3  in  the  myeloid  compartment 
inhibited  STAT3  activity  in  the  lungs,  inhibited  formation  of  pre¬ 
metastatic  niche,  and  inhibited  lung  metastasis  (143).  Whether  a 
similar  pre -metastatic  niche  remodeling  and  non-tumor  cell  sig¬ 
naling  governs  PCa  bone  metastasis  is  not  known.  However,  a 
past  study  demonstrated  enhanced  bone  metastasis  of  orthotopic 
xenografted  human  cell  lines  upon  androgen  ablation  (144).  ADT 
in  human  PCa  patients  induces  bone  loss  that  is  often  corrected  by 
bisphosphonates  (145).  Similarly,  castrated  mice  lose  bone  mass 
(146).  The  full  contribution  of  ADT  to  pre-metastatic  niche  con¬ 
ditioning,  bone  metastasis,  osteoblastic  reactions,  or  emergence  of 
castration-resistant  disease,  as  a  result  of  bone-microenvironment 
interactions  needs  further  investigation. 
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ADHESION  MOLECULES  IN  PCa  COLONIZATION 

Several  studies  have  suggested  that  the  choice  of  metastatic  organ 
is  not  necessarily  dictated  at  the  time  tumor  cells  escape  the  tumor 
and  end  up  in  the  circulation.  Circulating  tumor  cells  can  be 
found  in  patients  who  do  not  have  or  do  not  develop  metasta¬ 
tic  disease  (147).  Furthermore,  tumor  cell  entry  is  not  restricted 
to  specific  organs,  majority  of  circulating  tumor  cells  extrude 
into  tissues  (147,  148).  A  PCa  study  demonstrated  that  50%  of 
the  patients  with  primary  tumors  had  circulating  tumor  cells  as 
well  as  tumor  cells  lodged  in  the  bone  (149),  yet  only  12-13% 
of  these  patients  ever  develop  metastatic  disease.  Thus,  additional 
events  are  required  for  the  tumor  cells  to  grow  and  colonize  the 
metastatic  site. 

Cadherin-11,  commonly  known  as  osteoblast  cadherin,  is  pri¬ 
marily  found  in  osteoblasts,  with  very  low  but  detectable  expres¬ 
sion  in  brain,  testis,  and  lung  ( 1 50, 1 5 1 ).  It  is  an  adhesion  molecule 
that  mediates  many  steps  of  osteoblast  maturation  (150,  151). 
Cadherin- 1 1  expression  is  increased  in  metastatic  PCa  compared 
to  primary  tumors  but  is  not  present  in  normal  prostate  tissue. 
Furthermore,  elevated  Cadherin-11  was  found  in  human  PCa 
bone  metastasis  relative  to  lymph  node  metastasis  (152),  indi¬ 
cating  cadherin- 1 1  is  specifically  associated  with  bone  metastasis. 
Cadherin- 1 1  may  mediate  the  binding  of  cancer  cells  to  osteoblasts 
(Figure  2).  Such  binding  might  also  promote  cross  talk  between 
cancer  cells  and  osteoblasts  and  induce  osteoblastic  lesions.  Intra¬ 
cardiac  injection  of  PC3  cells  expressing  Cadherin- 11 -specific 
shRNA  displayed  a  significant  decrease  in  bone  metastasis  com¬ 
pared  to  the  control  cells  (152).  PCa  cells  derived  from  bone 
express  high  levels  of  cadherin-11,  and  expression  of  cadherin- 
11  in  PCa  cells  promoted  PCa  cell  invasion  and  migration  and 
increased  the  adhesion  and  intercalation  between  osteoblasts  in 
an  in  vitro  culture  model  (153).  Another  group  demonstrated 
that  bone-tropic  MDA-MB-231  breast  cancer  cells  also  express 
high  levels  of  cadherin-11  compared  to  brain-tropic  MDA-MB- 
231  cells.  Thus,  cadherin- 1 1  is  likely  an  important  determinant  of 
bone-tropism  in  cancer  cells  (154). 

TUMOR  MICROENVIRONMENT  IN  PROMOTING 
OSTEOBLASTIC  LESIONS 

Breast  cancer  metastasis  is  usually  osteolytic  (bone  degrading); 
however,  PCa  is  osteoblastic,  i.e.,  leading  to  new  bone  formation 
(155, 156).  It  has  been  reported  that  some  colon  and  cervical  can¬ 
cers  are  also  osteoblastic  (157).  The  exact  mechanisms  by  which 
osteoblastic  versus  osteolytic  metastases  occur  is  still  unclear. 
However,  the  differences  are  likely  to  reside  in  the  differential  inter¬ 
action  of  tumor  cells  with  the  bone  microenvironment.  Bone, 
a  dynamic  connective  tissue  is  constantly  remodeling  during  an 
individuaPs  lifetime.  The  process  of  remodeling  is  dependent  on 
two  cells  types,  osteoblasts  and  osteoclasts,  both  of  which  work  in 
harmony  to  maintain  the  normal  bone.  Osteoblasts  derived  from 
mesenchymal  stem  cells  in  the  bone  marrow,  make  new  bone. 
Whereas  osteoclasts,  which  are  modified  macropages  derived  from 
monocytes,  degrade  bone  (84).  During  osteoblastic  metastasis,  the 
bone  remodeling  favors  bone  formation  over  resorption. 

FACTORS  THAT  INDUCE  OSTEOBLASTIC  BONE  METASTASIS 

The  number  of  osteoblasts  surrounding  PCa  cells  is  increased  in 
osteoblastic  bone  metastasis  (155).  However,  the  newly  formed 


bone  is  weak  and  fragile,  lacking  mechanical  strength.  These 
bones  are  composed  of  randomly  orientated  and  loosely  packed 
collagen  bundles,  resulting  in  weak  bone  strength  and  fre¬ 
quent  fracture  (158).  Furthermore,  the  excessive  bone  growth 
disrupts  the  bone  marrow  compartment,  reducing  immune 
function.  Many  factors  can  induce  the  growth  and  differen¬ 
tiation  of  osteoblasts  and  their  precursors  (Figure  2).  Tumor 
cells  secrete  many  of  these  factors,  and  thus  may  actively  pro¬ 
mote  osteoblastogenesis. 

Bone  morphogenetic  proteins 

Bone  morphogenetic  proteins  are  members  of  the  TGF-P  super¬ 
family  and  various  isoforms  of  BMP  promote  both  prostate  and 
breast  cancer  metastasis  (159,  160).  One  major  source  of  BMP 
expression  appears  to  be  from  the  tumor  cells.  Elevated  expres¬ 
sion  of  both  mRNA  and  BMP- 6  protein  is  detected  in  primary 
PCa  tissues  and  in  PCa  cell  lines  (161,  162).  BMPs  could  influ¬ 
ence  metastasis  by  acting  directly  on  the  tumor  cells  or  through 
their  effects  on  the  bone  microenvironment.  For  instance,  BMP-2 
induces  resistance  to  apoptosis  due  to  hypoxia  (163)  and  promotes 
breast  cancer  cell  invasion  and  migration  (164);  whereas,  BMP-6 
promotes  migration  and  invasion  of  PCa  cells  (161).  BMP-2  and  -7 
stimulated  cellular  migration  and  invasion  of  PCa  cells  (165),  and 
BMP-6  acting  through  Smad  signaling  directly  induced  the  tran¬ 
scription  of  extracellular  proteases  such  as  MMP- 1  and  9,  required 
for  invasion  (159). 

Findings  from  genetically  modified  mice  demonstrate  that  the 
normal  role  of  BMPs  in  the  bone  is  to  induce  the  differentia¬ 
tion  of  osteoblasts  (166, 167).  For  example,  BMP-7  knockout  mice 
have  smaller  skeletons  and  reduced  mineralized  bone  (168).  The 
ability  of  BMP- 7  to  control  bone  mineralization  or  osteoblast  dif¬ 
ferentiation  can  be  attributed  to  the  induced  expression  of  crucial 
differentiation  factors,  Runx2  and  Osterix,  in  bone  stromal  cell 
precursors  (169,  170).  High  BMP-7  expression  was  detected  in 
PCa-induced  bone  lesions,  while  its  expression  in  primary  tumors 
is  low  (155, 171).  However,  its  exact  role  in  promoting  osteoblastic 
vs.  osteolytic  lesions  remains  controversial.  Nonetheless,  BMP- 7 
produced  by  tumor  cells  has  the  potential  to  impact  osteoblast  dif¬ 
ferentiation  within  PCa  bone  lesions.  The  most  intriguing  aspect 
of  BMP- 7  is  that  while  its  expression  is  controlled  by  androgen  and 
it  is  required  for  normal  prostate  development,  the  most  elevated 
BMP-7  expression  was  observed  in  castration-resistant  tumors 
within  the  bone  (171).  However,  BMP- 7  expression  in  prostate 
bone  tumors  appears  to  be  largely  growth  suppressive  and  may 
promote  PCa  cell  dormancy  (172). 

Elevated  BMP-6  expression  is  also  associated  with  PCa  bone 
metastasis  (159).  BMP-6  produced  by  cancer  cells  was  able  to 
induce  mineralization  of  M3T3  pre-osteoblasts,  and  blocking 
BMP-6  activity  reduced  osteolastic  lesion  formation  by  LuCaP  23.1 
cells  in  vivo  (161).  Two  studies  demonstrated  that  Wnt5 a  or  Wnt 3 a, 
generated  by  bone  stroma  cells,  induces  the  expression  of  BMP- 6  in 
PCa  cells  (173, 174).  This  was  mediated  by  non-canonicalJNK  and 
canonical  P-catenin  signaling  pathways,  respectively  (174).  The 
induction  of  BMP-6  by  Wnt5A  secretion  occurred  in  the  absence 
of  androgen  and  promoted  androgen-independent  growth  of 
the  tumor  cells  (173).  Interestingly,  in  a  recent  patient- derived 
bone  xenograft  model,  transplantation  of  human  bone-metastatic 
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tumors  into  the  bone,  but  not  in  the  skin,  resulted  in  castration- 
resistant  tumor  growth  (175).  Thus,  the  bone  microenvironment 
has  a  high  capacity  to  influence  PCa  treatment.  The  BMPs  secreted 
by  PCa  cells  through  Wnt  signaling,  in  turn  induce  the  differ¬ 
entiation  of  osteoblasts.  For  instance,  BMP-4  produced  by  PCa 
cells  promoted  osteoblast  differentiation  of  mouse  stromal  cells, 
as  measured  by  the  production  of  alkaline  phosphatase,  osteocal¬ 
cin,  and  collagen  type  II.  At  the  same  time,  BMP-4  also  stimulated 
the  production  of  sonic  hedgehog  (Shh)  by  the  tumor  cells  (176). 
Shh  stimulated  Smadl  and  BMP  receptor  expression  in  the  mouse 
stromal  cells,  which  enhanced  their  response  to  BMP-4.  The  ability 
of  Shh  to  induce  osteoblast  differentiation  was  promoted  by  colla¬ 
gen  production  and  was  Gill -dependent,  but  Runx2-independent 
(177,  178).  Thus,  BMPs  and  Shh  cooperatively  provided  cues  for 
the  growth  of  PCa  cells  and  the  differentiation  of  bone  stromal 
cells.  All  these  results  indicate  that  BMPs  and  Shh  from  the  PCa 
cells  play  an  important  role  in  inducing  osteoblast  differentiation 
from  bone  stromal  cells,  and  thus  likely  contribute  to  osteoblastic 
bone  phenotypes. 

Endothelin  1 

Endothelin  1,  a  potent  vasoconstrictor  along  with  other  family 
members  ET-2  and  ET-3,  is  produced  by  the  vascular  endothe¬ 
lium.  Plasma  levels  of  ET-1  are  elevated  in  several  types  of  cancers, 
including  PCa  (179).  ET- 1  inhibits  PCa  cell  apoptosis  via  enhanced 
Bcl-2  family  member  expression  and  PBK/Akt  activation  (180).  In 
ovarian  carcinoma  cell  lines,  ET- 1  promotes  invasion  via  the  acti¬ 
vation  of  extracellular  proteases  like  MMP-1  (181).  In  addition 
to  promoting  cancer  metastasis,  ET-1  promotes  osteogenic  prop¬ 
erties;  ET-1  null  mice  exhibit  hypoplasia  of  facial  bones  (182). 
ET- 1  is  a  potent  mitogenic  factor  of  osteoblasts  and  patients  with 
osteoblastic  bone  lesions  have  increased  serum  levels  of  ET- 1  (171, 
183).  Elevated  ET-1  might  contribute  to  osteoblast  proliferation 
and  differentiation  (184-186). 

In  clinical  trials,  atrasentan  (endothelin  A  receptor  antagonist) 
suppressed  bone  remodeling  in  castration -resistant  metastatic 
patients  (187).  However,  atrasentan  in  combination  with  doc- 
etaxel,  a  chemotherapeutic  agent,  did  not  improve  progression- 
free  survival  in  castration-resistant  bone-metastatic  patients  (188). 
One  of  the  potent  pathways  by  which  ET- 1  promotes  osteoblast 
activity  is  through  the  activation  of  Wnt  signaling  via  the 
inhibition  of  the  Wnt  suppressor  DKKl  (189).  ET-1  inhib¬ 
ited  DKK-1  expression,  but  also  increased  the  expression  of 
Type  1  collagen,  a  predominant  protein  constituent  of  bone 
matrix  (185, 189). 

Wnt 

Wnts  constitute  a  family  of  19  secreted  glycoproteins,  whose  dys- 
regulation  plays  an  important  role  in  the  progression  of  many 
cancers  including  breast,  gastric,  prostate,  melanoma,  and  glioblas¬ 
toma  ( 1 90, 1 9 1 ).  Wnt  ligands  bind  to  a  seven-pass  transmembrane 
receptor  composed  of  Lrp5/6  and  frizzled  genes  to  transduce  sig¬ 
nals  to  the  cytoplasmic  protein  Disheveled  (Dsh).  Dsh  blocks 
GSK-P  to  inhibit  P-catenin  phosphorylation,  by  disrupting  the 
P-catenin/Axin  complex,  leading  to  P-catenin  stabilization,  and 
its  nuclear  translocation  to  interact  with  TCF/LEF  transcrip¬ 
tion  factors  (192,  193).  Loss  of  APC  activates  the  Wnt  pathway 


by  stabilizing  P-catenin.  Loss-of-function  of  APC  mutations  is 
common  in  many  cancers  (193-195).  Increased  nuclear  P-catenin 
expression  correlated  with  advanced,  metastatic,  and  hormone- 
refractory  prostate  carcinoma  (196).  Upregulation  of  the  Wnt 
pathway  by  means  of  increased  Wnt  secretion,  decreased  expres¬ 
sion  of  inhibitors  such  as  APC,  sFRP,  DKKl,  or  Wifi,  or  constitu¬ 
tive  activation  of  P-catenin,  induces  the  activation  of  downstream 
target  genes  like  c-Myc,  c-Jun,  and  various  other  genes  important 
in  both  cancer  development  and  metastasis  (91,  192, 193).  MMP- 
14,  which  promotes  invasion  and  metastasis  of  cancer  cells,  is  also 
a  direct  target  of  P-catenin/TCF  signaling  (197).  The  exact  mech¬ 
anisms  that  lead  to  elevated  P-catenin  in  PCa  are  not  clear,  but  it 
is  not  usually  due  to  APC  mutation  (194). 

Within  the  bone,  Wnt  signaling  promotes  osteoblast  differenti¬ 
ation  by  directly  stimulating  Runx2  expression  in  osteoblasts  both 
in  vivo  and  in  vitro  (198).  Wnt  signaling  also  stimulates  BMP-2 
expression,  inducing  the  trans- differentiation  of  non-osteogenic 
cells  into  osteoblasts  (199).  Wnt  signaling  may  contribute  to  the 
osteoblastic  phenotype.  Blocking  DDKl  expression  in  PC3  cells, 
which  releases  the  block  on  Wnt  signaling,  switched  the  normal 
osteolytic  phenotype  induced  by  PC3  cell  to  osteoblastic.  Con¬ 
versely,  overexpressing  DKK- 1  in  C4-2B  cells  converted  the  normal 
mixed  lesion  to  an  osteolytic  lesion  (200).  Thus,  Wnt  signaling 
contributes  to  PCa  osteoblastic  bone  lesions.  Further  investiga¬ 
tions  in  the  specific  components  of  the  Wnt  pathway  involved, 
and  determining  if  they  also  contribute  to  metastasis  per  se  will  be 
important. 

Platelet-derived  growth  factor 

Platelet-derived  growth  factor,  a  potent  growth  factor  which  plays 
an  important  role  in  tumor  progression,  consists  of  disulfide- 
bonded  homodimer  polypeptide  chains  of  A,  B,  C,  D,  and  het¬ 
erodimer  AB  (201).  Aberrant  signaling  through  PDCF  receptors 
promotes  progression  of  many  tumors,  including  PCa.  PDCFRp, 
which  is  frequently  activated  in  bone-metastatic  PCa  patients,  is 
activated  both  by  PDCF-B  and  PDCF-D  (202).  PDCF-D,  which 
promotes  PCa  cell  proliferation  and  tumor  growth,  is  overex¬ 
pressed  in  prostate  tumors  with  increasing  Cleason  score  (203). 
Furthermore,  PDCF  also  stimulates  the  interaction  of  PCa  cells 
with  bone  stromal  cells.  In  the  bone  microenvironment,  PDCF 
is  synthesized  by  platelets,  macrophages,  osteoclasts,  endothe¬ 
lial  cells,  and  all  cells  differentiating  from  mesenchymal  stem 
cells,  including  pericytes,  and  osteoblasts  (204).  Thus,  PDCF  has 
the  potential  to  act  as  a  central  connector  for  many  interac¬ 
tions  within  the  bone  microenvironment  that  influence  tumor 
growth.  Blocking  PDCF  receptor  signaling  inhibits  the  growth 
of  human  breast  and  pancreatic  cancer  in  bones  (205,  206), 
and  subsequently  reduces  bone  resorption.  However,  a  phase 
I  clinical  trial  with  a  potent  PDCFR  inhibitor,  imatinib  mesy¬ 
late  in  combination  with  docetaxel,  in  castration-resistant  PCa 
patients  with  bone  metastasis  did  not  show  any  improvement  in 
the  median  progression-free  survival  of  patients,  as  compared 
to  docetaxel  alone  (207).  However,  imatinib  mesylate  inhibits 
many  other  kinases,  like  Abl  and  c-Kit  (208).  Whether  PDCFR 
inhibitors  in  combination  with  the  second  generation  anti¬ 
androgens,  Enzalutamide  or  abiraterone,  will  be  more  effective 
should  be  investigated. 


Frontiers  in  Oncology  |  Cancer  Endocrinology 


December  2014  |  Volume  4  |  Article  364  |  8 


Ganguly  et  al. 


Microenvironment  of  prostate  cancer  metastasis 


FACTORS  RELEASED  FROM  THE  BONE  MICROENVIRONMENT 
Transforming  growth  factor-^ 

Transforming  growth  factor- P  is  one  of  the  most  abundant 
cytokines  which  induces  osteoblast  proliferation  but  inhibits  its 
differentiation  (209,  210).  The  effects  of  TGF-P  on  osteoclasts 
are  controversial.  Most  of  the  studies  investigating  TGF-P  in  can¬ 
cer  bone  metastasis  have  focused  on  osteolytic  bone  metastasis 
of  breast  and  cancers  other  than  PCa.  A  “vicious  cycle”  model 
has  been  proposed  to  explain  TGF-P  signaling  and  osteolytic 
bone  metastasis.  TGF-P,  signaling  through  Gil2,  in  a  Hedge  Hog- 
independent  manner,  stimulates  the  expression  of  parathyroid 
hormone-related  protein  (PTHrP),  which  activates  osteoclasts 
(21 1).  In  turn,  more  TGF-P  is  released  after  bone  resorption,  which 
further  enhances  cancer  growth  and  osteoclast  activation,  initiat¬ 
ing  a  “vicious  cycle”  (212,  213).  Inhibition  of  TGF-P  decreases 
osteolytic  lesions  induced  by  breast  and  melanoma  cancer  cells  in 
mouse  tibia  (214-216).  In  the  first  report  on  the  role  of  TGF-P  in 
PCa  bone  metastasis,  it  was  found  that  loss  of  TGF-P  responsive¬ 
ness  in  the  fibroblasts  induced  the  up  regulation  of  CXCL16  and 
CXCLl,  which  promoted  PCa  cells  adhesion  to  the  bone  matrix, 
and  promoted  mixed  (osteoblastic/osteolytic)  metastatic  lesions 

(217) .  Thus,  it  will  be  important  to  further  investigate  the  cell- 
specific  role  of  TGF-P  in  the  bone  microenvironment  on  PCa 
osteoblastic  bone  metastasis. 

Insulin-like  growth  factor 

High  serum  levels  of  insulin-like  growth  factor  are  associated  with 
higher  risk  of  breast,  prostate,  and  colorectal  cancer.  Signaling 
through  IGFIR  promotes  cell  proliferation,  apoptosis,  and  inva¬ 
sion  of  cancer  cells;  which  are  all  integral  steps  in  cancer  metastasis 

(218) .  For  example,  inhibition  of  IGF-IR  diminishes  the  invasion 
of  PCa  cells  and  also  inhibits  expression  of  MMP-2,  an  extracellu¬ 
lar  protease  necessary  for  invasion  (219).  The  ability  of  IGF-1  to 
induce  PCa  cell  proliferation  and  survival  is  dependent  on  loss  of 
Pten,  a  tumor  suppressor  commonly  lost  in  PCa  (220).  However, 
IGF  is  another  important  coupling  factor  in  the  bone,  activat¬ 
ing  both  bone  formation  and  resorption.  IGF,  which  promotes 
proliferation,  invasion,  and  metastasis  of  cancer  cells  is  released 
during  bone  resorption  (84).  One  interesting  study  showed  that 
neutralizing  antibody  to  IGF,  but  not  antibody  to  TGF-P,  FGF,  or 
PDGF,  blocked  the  breast  cancer  anchorage-independent  growth 
induced  by  resorbed  bone  extract;  further  supporting  a  unique  role 
for  IGF-1  in  bridging  the  cross  talk  between  the  bone  microenvi¬ 
ronment  and  the  cancer  cells  (221).  Bone-derived  IGF  promoted 
bone  metastasis  of  breast  cancer  cells  by  stimulating  prolifera¬ 
tion  and  inhibiting  apoptosis  of  cancer  cells  (221).  Elevated  IGF-1 
receptor  expression  in  the  stroma  surrounding  clinical  PCa  sam¬ 
ples  correlates  with  high  Gleason  score  (222).  Thus,  IGF- 1  released 
from  the  bone  could  stimulate  the  stroma  to  support  PCa  growth. 
Indeed,  blocking  IGF-1  and  IGF-1  receptor  inhibits  PCa  growth 
in  the  bone  and  reduced  the  osteoblastic  bone  formation.  Thus, 
IGF-1  signal  inhibition  could  be  strategy  for  limiting  PCa  bone 
metastasis. 

Fihrohlast  growth  factor 

Fibroblast  growth  factor,  a  family  of  ubiquitously  expressed  and 
secreted  factors,  regulates  processes  like  development,  wound 


healing,  and  neoplastic  transformation  through  mitogenesis  and 
angiogenesis.  Increased  expression  of  some  growth  factors  from 
the  FGF  family  and  their  receptors  are  reportedly  associated  with 
PCa  progression.  Aberrant  activation  of  FGF  receptors  (FGFR) 
induces  the  activation  of  downstream  targets  like  PI3K,  MAPK, 
and  STAT3,  all  of  which  play  an  important  role  in  the  progression 
of  PCa  (223-225).  One  of  the  FGF  family  members,  FGF-1  (acidic 
FGF)  is  expressed  in  a  majority  of  PCa  and  its  expression  is  asso¬ 
ciated  with  high  Gleason  score  (226).  Levels  of  FGF-2  (basic  FGF) 
and  FGF-6  are  also  elevated  in  PCa  tissues  as  compared  to  normal 
(227,  228).  In  one  transgenic  mouse  model,  FGFRl  overexpres¬ 
sion  led  to  PIN  (229),  but  in  another  model,  activated  FGFRl 
promoted  adenocarcinoma  and  metastasis  to  lymph  nodes  and 
liver  (230).  FGF  may  promote  PCa  metastasis  via  regulation  of  cell 
survival  (231).  PCa  bone  metastases  express  FGF-8  and/or  FGF-9, 
and  both  of  these  FGFs  are  reported  to  promote  osteoblast  differ¬ 
entiation  and  new  bone  formation  (232-234).  FGF-9  expression 
is  also  associated  with  high  Gleason  score  and  neutralizing  anti¬ 
body  against  FGF-9  inhibited  bone  formation  and  bone  lesions  in 
mice  (232,  235).  On  the  other  hand,  other  family  members,  like 
FGF-7  and  FGF- 10,  are  required  for  normal  differentiation  of  nor¬ 
mal  prostate  epithelial  cells  (236).  Nonetheless,  overexpression  of 
FGF-7  in  a  transgenic  mouse  prostate  epithelium  led  to  PIN  (237), 
and  overexpression  of  FGF- 10  in  the  mesenchyme  in  the  prostate 
regeneration  mouse  model  was  sufficient  to  induce  multifocal  PIN 
had  low-grade  PCa  (238).  Thus,  the  context  and  level  of  FGF 
signaling  may  differentially  impact  PCa  development  and  progres¬ 
sion.  The  mechanisms  that  underlie  the  differential  expression  of 
FGF  members  and  their  respective  receptors  to  promote  or  inhibit 
PCa  growth  in  different  microenvironments,  and  the  cellular 
constituents  upon  which  it  acts  need  to  be  better  resolved  in  PCa. 

CHALLENGES  THAT  REMAIN 

The  high  dependence  of  host  environmental  factors  on  metasta¬ 
tic  processes  necessitates  the  use  of  animal  models  to  clarify 
and  demonstrate  that  dependency.  The  most  commonly  used 
model  is  the  mouse,  which  has  a  physiology  and  prostate  organ 
structure  that  is  significantly  different  from  human.  Nonethe¬ 
less,  valuable  insight  can  be  gleaned  from  the  proper  models. 
Unfortunately,  for  PCa  researchers  many  of  the  current  mouse 
models  fail  to  fully  recapitulate  human  disease  progression;  i.e.,  an 
AR-dependent  tumor  growing  in  the  prostate  gland  that  spon¬ 
taneously  metastasizes  to  the  bone  to  from  an  AR-dependent 
osteoblastic  cancer. 

Models  using  genetic  introduction  of  known  PCa-associated 
mutations  into  the  mouse  genome,  rarely  metastasize  to  the  bone. 
The  few  models  that  do  are  neuroendocrine  or  use  mutations  not 
reported  to  be  present  in  human  disease.  Nonetheless,  one  uni¬ 
fying  theme  in  the  models  that  do  produce  significant  metastases 
is  the  abrogation  of  p53.  While  p53  loss  is  reported  in  <20%  of 
metastatic  PCa  tumors,  other  mutations  that  indirectly  alter  p53 
function  remain  a  strong  possibility.  Another  tumor  suppressor, 
Pten,  whose  homozygous  loss  strongly  correlates  with  metastatic 
progression  in  human  cancer,  but  whose  loss  alone  in  the  mouse 
does  not  lead  to  metastatic  bone  disease,  may  also  contribute  to 
metastasis.  Interestingly,  both  p53  and  Pten  impact  chromosomal 
stability  (239),  disruption  of  which  is  thought  to  be  necessary 
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for  the  selection  of  genetic  variants  within  the  tumor  that  even¬ 
tually  evolve  the  capacity  to  metastasize.  Recent  studies  suggest 
that  EMT-associated  transcription  factors  suppress  p53  signal¬ 
ing  and  impact  DNA  repair;  thus,  linking  disease  progression  by 
the  tumor  microenvironment  with  chromosomal  instability  (106). 
Identifying  the  factors  that  specifically  lead  to  chromosomal  insta¬ 
bility,  the  genetic  alterations  within  PCa  that  promote  metastasis, 
and  how  the  tumor  microenvironment  influences  this,  has  the 
potential  to  significantly  increase  our  understanding  of  metastatic 
conversion  in  PCa. 

Several  metastatic  PCa  cell  lines  isolated  from  bone  metastases, 
either  from  human  samples  or  mouse  xenografts  (VCaP,  C4-2, 
PC3),  retain  high  capacity  to  grow  when  implanted  directly  into 
the  bone,  or  in  a  few  cases  when  injected  into  the  heart.  Two 
PCa  lines,  one  isolated  from  the  brain,  DU145,  and  one  from 
ascites,  ARCaP,  can  also  grow  when  implanted  in  bone;  how¬ 
ever,  the  LNCaP  line  isolated  from  a  lymph  node  grows  poorly 
in  the  bone.  Most  of  them,  when  implanted  orthotopically  in  the 
prostate,  do  not  metastasize  to  the  bone;  though  some  make  it 
to  the  lung.  ARCaP  was  reported  to  metastasize  to  the  bone  after 
orthotopic  injection  (240).  This  was  accompanied  by  EMT  con¬ 
version.  Only  a  few  of  these,  when  implanted  in  the  bone,  make 
osteoblastic  lesions  (DU  145,  C4-2,  ARCaP).  Thus,  whatever  prop¬ 
erties  these  cells  once  had  in  the  human  host  that  permitted  their 
full  metastatic  progression  in  humans  has  been  lost.  Eurthermore, 
at  least  3  of  these  lines,  PC3,  DU145,  and  ARCaP  express  AR  at 
such  low  levels  they  do  not  use  the  AR- regulated  pathways  seen  in 
over  90%  of  human  PCa  metastases.  The  LuCaP  series  of  human 
xenografted  and  SubQ-passaged  tumors  (241),  isolated  primarily 
from  soft  tissue  metastases  and  still  expressing  AR,  can  grow  and 
form  osteoblastic  lesions  when  implanted  in  the  bone.  Removal 
of  primary  LuCaP  tumors  following  orthotopic  injection,  allowed 
the  development  of  micrometastases  to  lymph  nodes  and  soft  tis¬ 
sues  (242),  but  not  bone.  Thus,  these  studies  indicate  that  many 
PCa  tumor  cell  lines,  whether  they  originally  came  from  bone  or 
not,  have  a  high  capacity  to  grow  in  bone.  However,  they  all  lack 
the  ability  to  home  to  bone  from  the  prostate,  and  their  capac¬ 
ity  to  induce  osteoblastic  lesions  is  variable.  Developing  human 
lines  or  mouse  models  that  can  display  the  full  metastatic  progres¬ 
sion,  either  through  selection  or  genetic  manipulation,  remains  the 
Holy  Grail  for  understanding  PCa  metastasis  and  having  models 
that  can  be  used  for  effective  therapy  development  and  testing. 

CONCLUSION  AND  PERSPECTIVES 

Metastasis  is  the  major  cause  of  PCa  death.  Understanding  how 
cancer  cells  metastasize  toward  the  bone  is  needed  to  design  drugs 
that  prevent  or  interfere  with  PCa  metastasis.  Many  studies  sug¬ 
gest  that  EMT  transcription  factors  drive  the  initial  phases  of 
PCa  metastasis,  although  the  events,  either  within  the  tumor  or 
contributed  by  the  tumor  microenvironment,  that  trigger  EMT 
specifically  in  PCa  are  still  not  known.  Overexpression  of  EMT 
transcription  factors,  in  conjunction  with  responses  to  host- 
derived  chemotactic  factors,  might  lead  to  PCa- specific  homing 
and  metastasis  to  the  bone.  Once  PCa  is  disseminated  in  the 
bone,  the  cross  talk  between  the  bone  microenvironmental  fac¬ 
tors  and  the  PCa  tumor  cells  contribute  to  the  establishment  of 
osteoblastic  lesions.  The  factors  mediating  this  cross  talk  and  their 


signaling  pathways  need  to  be  further  delineated  to  ultimately  halt 
the  progression  of  metastatic  lesions  in  the  bone.  The  develop¬ 
ment  of  better  animal  models  that  fully  recapitulate  the  metastatic 
process  as  seen  in  human  disease  is  paramount  to  deciphering  the 
molecular  events  associated  with  PCa  metastasis. 
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Abstract 

Prostate  cancer  (PCa)  is  one  of  the  most  diagnosed  cancers  in 
American  men  and  is  a  leading  cause  of  cancer  deaths  in  advanced 
forms  of  disease.  Seventy  to  ninety  percent  of  men  who  die  of 
PCa  will  have  developed  bone  metastases  during  the  course  of 
the  disease,  and  these  bone  metastases  cause  severe  pain  that  can 
lead  to  further  skeletal  complications.  The  standard  treatment  for 
PCa  generally  includes  androgen  deprivation  therapy,  radiation, 
and  chemotherapy,  either  singly  or  in  combination,  depending 
on  disease  progression.  These  treatments  are  able  to  slow  disease 
progression  slightly,  but  an  urgent  need  remains  for  a  more  cura¬ 
tive  approach.  In  addition  to  the  adverse  effects  resulting  from 
these  treatments,  androgen  deprivation  therapy  can  often  lead  to 
a  castration-resistant  form  of  the  disease,  which  is  even  more  dif¬ 
ficult  to  treat  and  often  becomes  metastatic.  In  the  past  several 
years,  new  drugs  that  target  androgens,  the  bone  microenviron¬ 
ment,  and  other  mechanisms  involved  in  PCa  have  shown  prom¬ 
ise  in  clinical  trials  for  advanced  PCa;  these  include  abiraterone, 
enzalutamide,  sipuleucel-T,  radium-223,  denosumab,  and  cabazi- 
taxel,  and  will  be  described  in  further  detail  in  this  review.  The 
continuous  improvement  upon  current  therapies  and  development 
of  new  drugs  is  promising  for  the  future  of  advanced  PCa,  and 
the  authors  will  give  their  perspective  on  these  different  treatment 
approaches. 


Introduction 

According  to  the  American  Cancer  Society,  1  in  7  men  will  be 
diagnosed  with  prostate  cancer  (PCa)  in  their  lifetime.^  There  is 
a  10-year  survival  rate  of  99%  when  the  disease  is  caught  early; 
however,  this  rate  drops  to  30%  when  patients  develop  metasta¬ 
sis.  Seventy  to  ninety  percent  of  patients  who  die  of  PCa  have 


Keywords:  Prostate  cancer;  Bone  metastasis;  Treatment;  Androgen  deprivation  ther¬ 
apy;  Radiation;  Bone  microenvironment;  Androgen;  Castration-resistant. 
Abbreviations:  PCa,  prostate  cancer;  ADT,  androgen  deprivation  therapy;  AR,  an¬ 
drogen  receptor;  CRPC,  castration-resistant  prostate  cancer;  LHRH,  luteinizing  hor¬ 
mone-releasing  hormone;  PSA,  prostate-specific  antigen;  RANKL,  receptor  activator 
of  nuclear  factor  kappa-B  ligand;  U.S.  FDA,  United  States  Food  and  Drug  Adminis¬ 
tration;  SREs,  skeletal-related  events. 

Received:  30  August  2016;  Revised:  29  September  2016;  Accepted:  08  October  2016 
^DOI:  10.14218/JERP.2016.00023 

*Correspondence  to:  Xiaohong  Li,  Program  for  Skeletal  Disease  and  Tumor  Micro¬ 
environment,  Center  for  Cancer  and  Cell  Biology,  Van  Andel  Research  Institute,  333 
Bostwick  Ave.,  N.E.,  Grand  Rapids,  MI  49503,  USA.  Tel:  1-616-234-5267,  E-mail: 
xiaohong.li@vai.org 


bone  metastasis,  which  classifies  their  disease  state  as  advanced.^ 
PCa  bone  metastasis  causes  skeletal-related  events  (SREs),  such 
as  fracture,  hypercalcemia,  or  spinal  cord  compression,  as  well  as 
severe  pain.  Current  therapies,  such  as  bisphosphonates,  steroids, 
and  chemotherapies,  are  used  to  relieve  these  symptoms  and  slow 
disease  progression,  but  they  are  also  associated  with  adverse  re¬ 
actions  and  do  not  significantly  improve  the  patients’  overall  sur¬ 
vival.  Therefore,  developing  new  approaches  to  target  PCa  bone 
metastasis  is  an  urgent  need. 

It  is  important  to  understand  the  molecular  mechanisms  be¬ 
hind  PCa  metastasis  when  developing  new  therapies.  Normal 
bone  homeostasis  is  largely  dependent  on  osteoclast  and  osteo¬ 
blast  function  during  bone  turnover,  as  well  as  the  various  factors 
that  are  released  during  the  process.  PCa  cells  secrete  factors  such 
as  parathyroid  hormone-related  protein  (PTHrP),  which  initiates 
osteoblast  expression  of  the  receptor  activator  of  nuclear  factor 
kappa-B  ligand  (RANKL),  which  further  stimulates  maturation  of 
osteoclasts  to  resorb  bone.  The  bone  is  a  powerhouse,  which  stores 
many  growth  factors  and  cytokines  that  are  released  upon  PCa- 
induced  resorption.  Factors  like  transforming  growth  factor-beta 
(TGF-P)  are  released  from  the  bone  matrix  and  cause  stimulation 
of  osteoblasts,  which,  in  turn,  signal  to  osteoclasts  for  more  bone 
resorption.  This  rapid  bone  turnover  that  occurs  during  PCa  bone 
metastasis  is  known  as  the  “vicious  cycle”. 

This  review  will  discuss  the  molecular  mechanisms  of  current 
clinical  therapies  and  our  perspectives  on  the  potential  new  ther¬ 
apies  for  PCa  bone  metastasis  patients.  There  have  been  several 
drugs  approved  for  PCa  therapy  in  the  last  few  years,  targeting  a 
variety  of  cellular  pathways.  We  will  focus  on  the  main  approaches 
to  current  PCa  therapy,  primarily  on  the  respective  underlying  mo¬ 
lecular  mechanisms  of  each  treatment.  A  list  of  drugs  discussed  in 
this  review  along  with  their  respective  categories  and  mechanisms 
of  action  are  included  in  Table  1 . 


Targeting  cancer  cells 
Androgen  ablation  therapy 

The  surgical  or  chemical  removal  of  androgen  signaling,  known  as 
androgen  deprivation  therapy  (ADT),  is  a  common  treatment  for 
advanced  PCa.  ADT  reduces  the  amount  of  available  androgen  that 
would  otherwise  stimulate  PCa  cell  growth  through  the  androgen 
receptor  (AR).  Administration  of  ADT  prior  to  primary  tumor  re¬ 
moval  is  still  controversial,  but  studies  have  shown  that  it  leads  to 
a  decrease  in  lymph  node  invasion  and  better  organ  confinement 
as  well  as  overall  progression- free  survival  when  initiated  at  diag¬ 
nosis.^  Some  clinicians  choose  a  combination  treatment  of  pelvic 
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Table  1.  Mechanistic  actions  of  prostate  cancer  therapeutics 


Drug  Name 

Therapeutic  Category 

Mechanism  of  Action 

Abiraterone 

Androgen  Deprivation  Therapy 

CYP17  inhibitor  that  decreases  circulating  levels  of  androgen 

Cabitaxel 

Chemotherapeutic 

Antimitotic  that  stops  PCa  division  and  alters  the  cell  efflux  pump  to  extend 
cellular  drug  levels 

CAR  T  Therapy 

Immune  Therapy 

Targets  prostate-specific  antigens  such  as  PSMA  or  PSCA  to  kill  PCa  cells 

Degarelix 

EHRH  Antagonist 

Stops  EHRH  from  binding  its  receptor  and  prevents  EH  flare  that  would  otherwise 
spike  testosterone  levels 

Denosumab 

RANKE  Inhibitor 

RANKE  antibody  that  blocks  osteoclast  differentiation  and  activity 

Docetaxel 

Chemotherapeutic 

Antimitotic  agent  that  stops  PCa  cell  division 

Enzalutamide 

Androgen  Deprivation  Therapy 

Androgen  receptor  inhibitor  that  prevents  AR  translocation  to  the  nucleus  and 
further  androgen  signaling 

Galeterone  and 
Niclosamide 

Androgen  Deprivation  Therapy 

Targets  AR-V7  to  reduce  androgen  levels  (generally  used  in  combination  with 
either  abiraterone  or  enzalutamide) 

Ipilimumab 

Immune  Checkpoint  Therapy 

CTEA-4  antibody  that  promotes  adaptive  immunity  and  T  cell  response  to  attack 

PCa  cells 

Nivolumab  and 
Pembrolizumab 

Immune  Checkpoint  Therapy 

PD-1  antibody  that  allows  immune  response  of  cytotoxic  T  cells  to  attack  PCa  cells 

Radium-223 

Radiation  Therapy 

Alpha-emitting  radiation  with  structure  similar  to  calcium  for  greater  bone 
specificity 

Sipuleucel-T 

Immunotherapy 

Cancer  vaccine  that  facilitates  the  T  cell  immune  response  targeting  PAP  on  PCa 
cells 

SRPKl  Inhibitor 

VEGF  and  FGFR  Inhibitors 

Alters  VEGF  splicing  to  antiangiogenic  isoforms,  reducing  tumor  angiogenesis 

Zoledronic  Acid 

Bisphosphonate 

Targets  osteoclasts  to  reduce  bone  resorption  and  turnover 

radiation  and  ADT  for  their  patients  to  target  any  micrometastases 
that  may  be  present  at  the  time  of  primary  tumor  removal.^ 

One  disadvantage  to  ADT  is  that  a  flare  reaction  in  bone  me¬ 
tastasis  can  occur  upon  initiation,  leading  to  rapid  bone  repair  and 
an  increase  in  osteoblast  activity.^  This  makes  it  very  important 
for  clinicians  to  take  into  account  the  progression  of  disease  and 
risk  for  the  patient  before  beginning  treatment.  While  ADT  can 
slow  progression  of  disease,  there  are  adverse  effects  for  patients, 
including  hot  flashes,  night  sweats,  hair  loss,  irritability,  loss  of 
libido,  and  erectile  dysfunction.^  Another  disadvantage  to  ADT  is 
that  testosterone  levels  have  to  be  monitored  consistently,  which 
becomes  difficult  when  trying  to  detect  castration  levels  of  50  ng/ 
dL  or  less.  The  testosterone  level  of  50  ng/dL  has  been  set  as  the 
standard  for  castration,  but  there  is  question  as  to  whether  the  base¬ 
line  should  be  reduced  to  20  ng/dL,  for  which  better  patient  results 
have  been  reported.^ 

Drugs  like  abiraterone,  enzalutamide,  and  galeterone,  have  been 
developed  to  target  alternate  androgen  activation  of  AR  that  may 
contribute  to  rising  testosterone  levels  and  PCa  progression. The 
first  of  these  drugs,  abiraterone,  is  a  CYP17  inhibitor  that  prevents 
the  conversion  of  pregnenalone  to  dihydrotestosterone  (DHT)  and 
has  been  shown  to  significantly  increase  survival,  particularly  in 
patients  with  metastatic  castration-resistant  PCa  (CRPC),  as  com¬ 
pared  to  treatment  with  prednisone  alone.^  The  second  of  these 
drugs,  enzalutamide,  works  through  an  AR  binding  competition 
mechanism  and  inhibition  of  translocation  of  AR  into  the  nucleus, 
both  of  which  impair  AR  activation.^  Both  abiraterone  and  enza¬ 
lutamide  have  improved  survival  in  patients,  but  one-third  of  PCa 
patients  have  an  AR-V7  splice  variant  that  makes  them  resistant 
to  this  therapy.  In  order  to  overcome  resistance  to  these  drugs,  a 
couple  of  new  therapies  are  in  trials,  including  niclosamide  and 
galeterone,  and  have  shown  some  success  by  specifically  targeting 


AR-V7  along  with  inhibition  of  AR  by  abiraterone  or  enzaluta¬ 
mide.  These  alternatives  could  be  used  to  reduce  androgen  sign¬ 
aling  ever  further,  but,  even  so,  ADT  does  not  cure  prostate  cancer 
and  can  lead  to  castration-resistant  disease. 

Luteinizing  hormone-releasing  hormone  (LHRH)  agonists 
and  antagonists  are  another  way  to  reduce  androgen  signaling  in 
PCa  patients.  LHRH  agonists  act  on  the  anterior  pituitary  gland 
to  block  testosterone  production.^  The  down  side  of  this  agonist  is 
that  it  causes  an  initial  spike  in  LH  release  that  can  stimulate  PCa 
cells,  leading  to  side  effects  like  spinal  cord  compression,  ureteral/ 
urethral  obstruction,  or  bone  pain.  In  this  case,  antiandrogens  are 
generally  added  to  the  therapy  to  block  downstream  AR  signaling 
and  suppress  these  side  effects.  This  strategy  of  combined  andro¬ 
gen  blockade  is  used  to  keep  the  levels  of  androgens  below  the 
castration  baseline  of  50  ng/dL,  even  with  the  LH  burst  from  drug 
initiation. 

Combined  therapies  can  help  keep  testosterone  levels  at  bay  but 
come  with  added  risk  to  patients,  including  increased  risk  for  dia¬ 
betes,  osteoporosis,  cardiac  events  and  stroke.^  LHRH  antagonists 
have  been  more  recently  investigated  for  their  ability  to  help  avoid 
LH  flare  from  the  pituitary  gland,  meaning  that  no  antiandrogens 
would  be  needed  to  counteract  the  increase  in  testosterone  and  ul¬ 
timately  equating  to  less  risk  for  adverse  effects.  Degarelix  is  an 
LHRH  antagonist  that  works  by  consistently  suppressing  follicle- 
stimulating  hormone  (FSH)  levels,  which  would  otherwise  stimu¬ 
late  PCa  growth.  LHRH  antagonists  have  been  found  to  improve 
progression- free  survival  better  than  other  ADTs  as  well.^ 

While  these  therapies  can  reduce  androgen  signaling  to  PCa 
cells  and  slow  down  progression  of  disease,  patients  and  clinicians 
have  to  decide  on  the  best  treatment  for  their  individual  case.  Since 
ADT  can  lead  to  CRPC  and  metastasis,  a  patient  with  low-risk 
disease  has  to  acknowledge  the  potential  for  future  complications 
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associated  with  starting  ADT.  Once  PCa  becomes  castration- 
resistant  or  metastatic,  it  is  very  difficult  to  treat  and  most  often 
leads  to  patient  death. 

Chemotherapy 

Taxanes  are  a  group  of  chemotherapeutic  agents  used  to  treat  ad¬ 
vanced  PCa  that  interfere  with  microtubules  during  mitosis  and 
prevent  the  cell  from  reaching  anaphase,  thereby  leading  to  apop¬ 
tosis.^^  Docetaxel  was  approved  for  treatment  of  metastatic  CRPC 
in  2004  and  has  since  become  the  standard  treatment  for  advanced 
disease,  but,  unfortunately,  disease  progression  is  still  inevitable. 
Docetaxel  used  in  combination  with  other  therapies  has  provided 
some  promising  results  of  progression- free  survival.  ^4 1,12  so, 

some  PCa  becomes  resistant  to  docetaxel  and  new  treatment  op¬ 
tions  are  needed.  Cabazitaxel  was  approved  by  the  U.S.  Food  and 
Drug  Administration  (FDA)  to  treat  docetaxel-resistant  PCa,  and 
works  by  targeting  microtubules,  altering  the  efflux  pump  in  the 
cell  (so  that  drug  remains  in  the  cell  longer),  and  inducing  apop¬ 
tosis.^^  Carboplatin  (a  platinum-based  drug),  and  everolimus  (an 
mTOR  inhibitor)  have  been  used  in  clinical  trials  as  a  combination 
therapy  and  have  been  shown  to  exert  antitumor  effects  and  to  re¬ 
duce  prostate-specific  antigen  (PSA)  levels.^ 

Chemotherapy  agents  such  as  docetaxel  can  be  beneficial  for 
many  patients  with  metastatic  CRPC;  however,  more  specific 
bone-targeting  agents  could  help  eliminate  the  adverse  effects 
to  other  non-cancerous  replicating  cells  throughout  the  patient’s 
body.  In  general,  docetaxel  is  well  tolerated  by  patients,  but  it  can 
result  in  fever,  fatigue,  pneumonitis,  gastrointestinal  complica¬ 
tions,  neuropathies  and  more.^^ 


Immune  therapy 
Sipuleucel-T 

Sipuleucel-T  has  recently  been  approved  by  the  U.S.  FDA  as  an 
antigen  presenting  cell  (APC)-based  vaccine  for  PCa.^  Sipuleu- 
cel-T  works  through  T  cell  immunity  targeted  against  PCa  cells, 
and  utilizes  peripheral  blood  mononuclear  cells,  including  APCs, 
from  the  patient.  These  cells  are  activated  ex  vivo  with  a  recom¬ 
binant  fusion  protein  (PA2024)  consisting  of  a  prostate  antigen, 
prostatic  acid  phosphatase  (PAP),  fused  to  the  granulocyte-mac¬ 
rophage  colony-stimulating  factor.  This  therapy  acts  through  APC 
stimulation  of  T  cell  immune  responses  targeted  to  PAP  that  is 
highly  expressed  on  most  PCa  cells.  The  prostate  antigen  is  in¬ 
cubated  with  patient  APCs  (obtained  by  blood  draw)  and  infused 
back  into  the  patient  once  the  cells  are  activated  and  ready  to  fight 
the  PCa  cells. 

Sipuleucel-T  has  been  shown  to  reduce  the  risk  of  death  among 
metastatic  CRPC  patients  and  to  increase  the  median  survival  by 
at  least  4  months,  as  compared  to  other  currently  available  thera¬ 
peutics.  ^"^45  Adverse  effects  for  this  immunotherapy  are  similar 
to  flu-like  symptoms,  and  include  headache,  fever,  nausea,  chills, 
joint  pain,  and  some  gastrointestinal  discomfort.  But  unlike  with 
the  other  treatments,  these  symptoms  usually  occur  immediately 
following  application  of  the  drug  and  rescind  within  a  couple  of 
days.  The  extended  survival  (of  at  least  4  months  as  compared  to 
the  other  drugs),  the  better  quality  of  life  during  treatment,  and  the 
reduced  risk  of  death  by  22.5%  could  make  this  therapy  worth  the 
time  and  money  for  many  patients  with  advanced  or  metastatic 
CRPC.15 


Immune  checkpoint  therapy 

Immune  checkpoint  therapy  is  another  treatment  method  that  has 
been  in  clinical  trials  for  multiple  cancers,  including  PCa.  These 
kinds  of  therapies  utilize  various  antibody  targets  involved  in 
immune  response  to  elicit  antitumor  effects  through  T  cells. 
Nivolumab  and  pembrolizumab  are  antibodies  against  the  pro¬ 
grammed  death- 1  (PD-1)  protein  that  promote  cytotoxic  T  cell  im¬ 
munity  to  increase  the  attack  on  and  destruction  of  cancer  cells. 
Ipilimumab  is  another  immune  checkpoint  therapy  that  has  been  in 
clinical  trials,  which  targets  the  cytotoxic  T  lymphocyte-associated 
protein  4  (CTLA-4).  This  therapy  works  similarly  by  inducing 
adaptive  immunity  so  that  T  cells  become  activated  and  begin  at¬ 
tacking  PCa  cells. ^^47 

Chimeric  antigen  receptor  (CAR)  T  cell  therapy 

CAR  T  cell  therapy  is  another  novel  treatment  used  in  various  can¬ 
cer  types.  This  type  of  therapy  targets  cancer-specific  antigens  in 
order  to  gain  specificity  and  kill  cancer  cells  solely.  The  prostate- 
specific  membrane  antigen  (PSMA)  and  prostate  stem  cell  anti¬ 
gen  (PSCA)  have  been  targeted  in  clinical  trials  for  PCa,  but  have 
shown  minimal  antitumor  effects. 

More  advanced  CAR  T  cell  therapies  use  a  combination  of 
costimulatory  agents,  and  these  have  shown  much  greater  antitu¬ 
mor  effects  than  the  first-generation  therapies;  however,  they  have 
also  shown  a  greater  potential  for  eliciting  more  severe  adverse 
immune  reactions.  Cytokine  release  syndrome  remains  a  concern 
for  CAR  T  cell  therapy,  as  it  can  lead  to  fevers,  fatigue,  nausea, 
and  the  life-threatening  conditions  of  multi-organ  dysfunction  or 
failure.  ^^40  expresses  many  antigens  that  are  not  present  in 

other  tissues,  which  is  what  makes  this  type  of  therapy  so  attrac¬ 
tive,  and  once  the  adverse  effects  of  these  drugs  are  diminished, 
the  development  of  combined  immunotherapies  targeting  these  an¬ 
tigens  will  have  substantial  antitumor  potential  for  both  metastatic 
and  castration-resistant  disease. 


Targeting  the  bone  microenvironment 
Bisphosphonates 

While  chemotherapies,  ADT,  and  radiation  may  help  reduce  pro¬ 
gression  of  disease,  there  is  still  need  for  therapy  that  can  treat 
bone  metastasis  specifically.  There  are  currently  several  drugs 
available  that  target  the  bone  microenvironment  so  that  normal 
bone  mass  can  be  achieved. 

Bisphosphonates  are  synthetic  analogues  of  phosphates  that 
inhibit  hydroxyapatite  crystal  dissolution  in  bone  tissues.  These 
drugs  are  endocytosed  by  osteoclasts  and  become  incorporated 
into  the  cell  as  non-hydrolyzable  analogues  of  adenosine  triphos¬ 
phate  (ATP),  which  accumulates  in  the  cell,  inhibits  absorption, 
and  induces  apoptosis.  Targeting  osteoclasts  leads  to  reduction  in 
bone  resorption  and  decreased  bone  turnover,  which  is  increased  in 
metastases.  There  are  3  different  classes  of  bisphosphonates  used 
in  the  clinic,  and  the  second-  and  third-generations  include  nitro¬ 
gen-containing  bisphosphonates,  like  zoledronic  acid. 

Zoledronic  acid  was  found  to  be  10,000-fold  more  potent  than 
first-generation  bisphosphonates,  such  as  clodronate.^^  Zoledronic 
acid  improves  upon  other  bisphosphonates  by  additionally  inhibit¬ 
ing  famesyl  diphosphate  synthase,  which  blocks  the  mevalatone 
pathway.  This  reduces  downstream  metabolites  and  prevents  post- 


Joumal  of  Exploratory  Research  in  Pharmacology  2016  vol.  1  |  35-39 


37 


Vander  Ark  A.  et  al:  Therapeutics  in  PCa  Bone  Metastasis 


translational  modifications  of  GTPases  like  Ras,  Rab,  Rho,  and 
Rac  that  are  essential  signaling  proteins  for  regulation  of  multiple 
cell  processes  in  osteoclasts.^^  Bisphosphonates  bind  to  the  bone 
matrix  and  are  absorbed  by  osteoclasts  during  bone  remodeling 
that  occurs  during  metastasis,  and  the  interference  with  their  matu¬ 
ration  leads  to  apoptosis.  This  reduces  osteoclast  function  and 
inhibits  resorption,  leading  to  overall  reduction  in  bone  turnover, 
osteoblast  function,  and  bone  mass  maintenance. While  the  bi¬ 
sphosphonates  can  help  slow  disease  progression  and  reduce  bone 
pain,  there  still  remains  a  need  for  more  curative  treatment. 

RANKL  inhibitors 

Denosumab  has  been  developed  as  an  alternative  therapy  to  bis¬ 
phosphonates,  and  functions  by  inhibiting  RANK  signaling.  It  is 
a  monoclonal  antibody  to  RANK  ligand  (RANKL),  and  has  been 
shown  to  increase  time  to  skeletal-related  events  (SREs)  better 
than  bisphosphonates.^^  Blocking  RANKL  prevents  mature  osteo¬ 
clast  activity  as  well  as  their  differentiation,  which  interrupts  bone 
tumover.^^  Denosumab  was  found  to  be  a  superior  treatment  to 
zoledronic  acid  for  time  to  first  SRE,  with  the  time  being  increased 
18%  (36  months),  but  without  any  significant  change  in  overall 
survival  or  disease  progression.  It  did,  however,  decrease  serum 
levels  of  urine  N-telopeptide  (uNTx)  and  alkaline  phosphatase 
(AEP)  as  compared  to  zoledronic  acid  treatment.  uNTx  is  a  bone 
turnover  marker  that  has  been  associated  with  increased  risk  in  pa¬ 
tients  with  PCa.  In  particular,  patients  with  moderate  to  high  levels 
of  uNTx  were  shown  to  have  a  2-fold  increased  risk  for  skeletal 
complications  and  disease  progression;  thus,  a  drug  that  results  in 
lower  levels  of  this  marker  is  expected  to  significantly  reduce  risk 
for  PCa  advancement.^h^^ 

There  are  particular  benefits  to  the  two  bone-targeted  therapies 
described  above,  and  each  patient  will  have  a  different  case  that 
may  benefit  from  either  one.  Zoledronic  acid  needs  to  be  intrave¬ 
nously  administered  and  patients  are  monitored  for  renal  compli¬ 
cations  throughout  treatment.  Denosumab  can  be  given  subcutane¬ 
ously  or  orally  and  has  no  adverse  effects  in  renal  health  or  acute 
phase  reactions.  Patients  will  need  to  consider  the  cost  of  treatment 
along  with  long-term  adverse  effects  and  benefits  depending  on 
their  disease  severity  and  age. 

Targeting  PCa  and  bone  microenvironment 
Radiation 

Radiation  therapy  after  radical  prostatectomy  is  standard  of  care 
for  high-risk  and  metastatic  PCa.^  Radiation  localized  to  the  pel¬ 
vic  region,  as  mentioned  previously,  is  an  option  for  patients  that 
may  be  at  risk  for  micrometastases  at  time  of  diagnosis.  This 
can  help  prevent  further  growth  in  the  pelvis  as  well  as  poten¬ 
tial  spread  to  other  bones.  There  has  been  evidence  to  suggest 
that  radiation  not  only  treats  PCa  metastases,  but  also  affects  the 
bone  microenvironment  so  that  the  bone  is  no  longer  hospitable 
to  metastasis.  Treatment  with  radiopharmaceuticals  could  poten¬ 
tially  keep  PCa  cells  or  bone  metastases  dormant  by  inhibiting 
the  necessary  bone  factors  that  lead  to  disease  progression.^  This 
treatment  can  be  a  useful  tool  for  CRPC  by  targeting  mechanisms 
other  than  AR  signaling,  but  other  damaging  effects  will  occur 
with  treatment. 

Radium-223  is  an  alpha  emitting  radiopharmaceutical  used  for 
PCa  bone  metastasis.  It  has  a  structure  similar  to  calcium  that  helps 


it  target  the  bone  microenvironment  and  is  less  damaging  than  beta 
or  gamma  emissions.^"^’^^  A  significant  improvement  in  overall  sur¬ 
vival  of  at  least  4  months  has  been  seen  in  CRPC  bone  metastasis 
patients.^"^  Multiple  studies  have  been  performed  with  this  thera¬ 
py,  and  have  produced  mixed  results  as  to  whether  survival  and 
disease  progression  are  affected,  but,  overall,  patients  that  have 
aggressive  CRPC  with  a  greater  number  of  bone  metastases  have 
longer  progression-free  survival  than  those  without  Radium-223 
treatment.^  Based  on  these  results,  it  seems  that  this  therapy  may 
be  a  good  choice  for  patients  with  aggressive  PCa  that  has  pro¬ 
gressed  to  CRPC  with  multiple  metastases. 


Conclusion  and  perspectives 

The  continued  development  of  new  treatments  for  advanced  PCa 
is  promising  for  the  future  of  patient  therapy.  Combination  thera¬ 
pies  targeted  to  the  bone  as  well  as  new  immunotherapies,  such 
as  sipuleucel-T  and  CAR  T  cell  therapy  have  the  potential  to  sig¬ 
nificantly  reduce  disease  progression  in  PCa  patients.  Two  of  the 
biggest  hurdles  yet  to  be  overcome  are  the  adverse  reactions  that 
result  from  these  drugs  and  the  need  to  find  a  way  by  which  to 
determine  which  therapy  is  best  for  each  specific  case. 

There  are  currently  90  phase  I/II  trials  and  several  phase  III  tri¬ 
als  available  for  PCa  patients.^^  Vascular  endothelial  growth  factor 
(VEGF)  and  fibroblast  growth  factor  receptor  (FGFR)  inhibitors 
are  a  recent  development  designed  to  target  angiogenesis  in  PCa 
tumors.  A  serine-arginine  protein  kinase  1  (SRPKl)  inhibitor  that 
switches  VEGF  splicing  to  antiangiogenic  isoforms,  rather  than 
angiogenic  ones,  has  shown  improvement  in  PCa  patient-derived 
xenograft  models.  This  inhibitor  has  reduced  tumor  growth  and 
microvessel  formation  in  mouse  tumors,  and  the  SR  proteins  that 
the  inhibitor  regulates  are  up-regulated  in  human  PCa  tissues  in 
correlation  with  disease  stage  and  invasion.  Drugs  like  alibercept, 
pasopanib,  dovitinib,  and  lucitanib  are  currently  in  clinical  trials, 
targeting  VEGF  and  FGF  pathways,  but  have  not  shown  much  im¬ 
provement  over  the  current  therapies  as  of  yet.^^ 

There  are  many  pathways  and  possible  targets  for  PCa  bone 
metastasis,  and  after  reviewing  the  past  and  current  therapies, 
combination  treatment  seems  to  be  the  most  aggressive  and  suc¬ 
cessful  treatment  method  for  advanced  and  metastatic  CRPC. 
Although  combination  therapy  can  have  adverse  side  effects,  the 
patients  must  compare  the  quality  of  life  they  expect  during  ther¬ 
apy  to  the  expected  survival  and  potential  for  disease  progression. 
Each  patient  will  present  a  different  case,  and  depending  on  age 
and  disease  severity,  clinicians  will  have  to  decide  which  therapy 
would  be  more  beneficial  for  each  one.  With  the  new  therapies  that 
have  been  approved  in  the  past  several  years  and  the  treatments 
continuously  entering  the  pipeline,  there  is  hope  for  the  future  of 
metastatic  CRPC  therapy.  But,  as  the  current  drugs  only  prolong 
the  inevitable,  there  is  still  a  need  for  a  more  curative  treatment 
approach. 
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Abstract 


T|3RII  was  undetectable  by  immunohistochemistry  in  either  all  or  some  of  the  cancer- 
associated  osteoblast  (CAOB)  population  in  92.5%  of  the  prostate  cancer  (PCa)  patient 
bone  metastatic  tissues  examined.  Using  bone  cell-specific  Tgfbr2  knock-out  mouse 
models,  we  found  that  deletion  of  Tgfbr2  in  osteoblasts  (Tgfbr2^°^^^’'^^^^  KO)  promoted, 
but  in  osteoclasts  (Tgfbr2^^^^^''^  KO)  inhibited,  PCa  bone  lesion  development.  bFGF  was 
identified  as  the  functional  mediator  in  this  lesion  development  by  stimulating 
osteoclastogenesis,  inhibiting  osteoblastogenesis,  and  indirectly  promoting  tumor  cell 
proliferation.  Co-culture  with  PCa  cells,  Tgfbr2  KO  osteoblasts  had  increases  of  bFGF, 
parathyroid  hormone  receptor  (PTHIR)  and  pCREB,  and  these  increases  were  abolished 
by  blocking  PTHrP  in  the  co-cultures.  These  data  suggest  that  loss  of  TGF-|3  signalling  in 
osteoblasts  resulted  an  increase  of  PTHIR,  which  was  stimulated  by  PCS -derived  PTHrP 
and  activated  the  downstream  PKA  pathway  to  up-regulate  the  expression  of  bFGF. 
bFGF,  in  turn  promoted  bone  lesion  development. 

Significance:  Our  study  highlights  the  role  and  mechanism  of  osteoblast-specific  TpRIl 
in  PCa  bone  metastasis.  Loss  of  TpRIl  results  in  increased  PTHlR/pKA  signaling,  which 
up-regulates  bFGF,  making  bFGF  a  promising  therapeutic  target  in  PCa  bone  metastasis 
by  inhibiting  both  tumor  growth  and  bone  resorption. 

Key  words:  prostate  cancer,  bone  metastasis,  transforming  growth  factor-P  (TGF-P), 
TGF-P  type  II  receptor  (TpRIl),  bFGF,  parathyroid  hormone-related  protein  (PTHrP), 
PTH/PTHrP  receptor  (PTHIR),  pCREB,  PKA 
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Introduction 


Prostate  cancer  (PCa)  is  the  most  common  malignant  disease  and  the  second- 
leading  cause  of  cancer-related  death  in  men  in  the  United  States.  Bone  metastases  have 
been  found  in  70-90%  of  the  patients  who  die  of  PCa  (1).  Bone  lesions  develop  through 
the  interactions  between  disseminated  PCa  cells  and  the  bone  microenvironment.  Two 
major  bone  cell  types  are  involved  in  such  interactions:  osteoclasts,  which  are  cells  of 
myeloid  lineage,  and  osteoblasts,  which  are  cells  of  mesenchymal  lineage.  It  is  known 
that  metastatic  cancer  cells  secrete  factors  such  as  parathyroid  hormone-related  protein 
(PTHrP)  that  regulate  osteoblasts  to  stimulate  the  maturation  of  osteoclasts.  Osteoclasts 
resorb  bone  and  release  growth  factors  such  as  transforming  growth  factor  beta  (TGF-|3) 
from  the  bone  matrix.  TGF-|3  further  promotes  tumor  growth  and  bone  destruction  (2-12). 
PTHrP  and  TGF-|3  play  central  roles  in  the  establishment  and  progression  of  bone 
metastases,  but  blocking  either  of  them  or  their  downstream  signaling  has  not  succeeded 
as  a  therapy. 

TGF-P  signaling  starts  with  ligand  binding  to  the  TGF-P  type  II  receptor  (TpRII), 
which  phosphorylates  the  TGF-P  type  I  receptor,  activating  the  downstream  Smad 
pathway.  We  have  found  that  TpRII  in  cancer-associated  fibroblasts  (CAFs)  is  lost  in  70% 
of  PCa  patient  primary  samples  (13)  and  in  seven  out  of  nine  PCa  bone  metastatic  tissues 
(14).  The  deletion  of  the  TpRII  gene  (TGFBR2)  in  the  prostate  fibroblasts  induces 
primary  PCa  tumor  growth  (13),  castration  resistance  (15),  and  PCa  cell  adhesion  to  the 
bone  matrix  (14).  However,  the  expression  of  TpRII  in  cells  of  the  bone 
microenvironment  and  its  role(s)  in  PCa  bone  lesion  development  are  unknown.  This  has 
been  studied  in  knock-out  (KO)  or  Tgfbr2^^^^^’'‘^  KO  mouse  models. 
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KO  mice  have  loss  of  TGF-P  signaling  through  the  deletion  of  rg/&r2 
(16)  only  in  osteoblasts  and  fibroblasts  by  activation  of  CreERT  driven  by  the  collagen 
la2  (Colla2)  promoter  (17).  Tgfbr2^^^^^'’^  KO  mice  have  a  deletion  of  Tgfbr2  in  myeloid 
lineage  cells  such  as  osteoclasts  (18).  We  found  that  PCa  bone  lesion  development 
induced  by  PCS  or  DU145  cells  was  significantly  promoted  in  KO  mice 

but  was  inhibited  in  Tgfbr2^^^^^''‘^  KO  mice,  relative  to  their  respective  Tgfbr2^^°^^^ 
littermates. 

In  PCa  patient  bone  metastatic  tissues,  xpRII  expression  was  undetectable  by 
immunohistochemistry  in  either  all  or  some  of  the  CAOB  population  of  each  sample. 
Therefore,  we  focused  on  the  KO  mouse  model,  where  the  loss  of  xpRII 

is  in  osteoblasts.  We  found  that  basic  fibroblast  growth  factor  (bFGF)  expression  was  up- 
regulated  in  CAOBs  and  that  it  mediated  the  increased  PCS  bone  lesion  development  in 
KO  mice  relative  to  Tgfbr2^’°^^^  mice.  Functionally,  bFGF  mediates  PC3- 
induced  bone  lesion  development  through  indirect  stimulation  of  tumor  cell  proliferation, 
direct  promotion  of  osteoclastogenesis,  angiogenesis,  and  CAF  formation,  and  direct 
inhibition  of  osteoblastogenesis.  Therefore,  bFGF  is  a  potential  target  for  PCa  bone 
metastasis.  Furthermore,  we  found  bFGF  was  up-regulated  at  least  partly  by  the  increased 
activation  of  PTHIR  through  downstream  PKA  signaling  in  CAOBs  that  had  loss  of 
TpRII. 
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Results 


Loss  of  xpRII  expression  in  cancer-associated  osteoblasts  of  PCa  patients  bone 
metastasis  tissues 

In  order  to  determine  xpRII  expression  in  bone  cells,  we  used 
immunohistochemical  analysis  of  a  PCa  patient  bone  metastasis  tissue  microarray. 
Focusing  on  the  cancer-associated  cells  in  the  bone  microenvironment,  we  identified  40 
bone  metastasis  tissues  in  which  cancer-associated  osteoblasts  (CAOBs)  were  present, 
based  on  their  morphology  and  location.  Specifically,  these  cells  were  defined  as  being 
grouped  along  the  surface  of  the  bone  and  were  cuboidal  or  columnar  with  a  central 
nucleus  (18).  Among  these  40  tissues,  xpRII  expression  was  undetectable  in  either  all  or 
some  of  the  CAOBs  in  each  of  thirty-seven  tissues;  xpRII  in  all  of  the  CAOBs  was  found 
only  in  three  tissues  (Figure  lA-D).  A  positive  association  was  found  between  xpRII 
expression  in  cancer-associated  fibroblasts  (CAFs)  and  CAOBs  {P  =  0.002),  but  not 
between  CAOBs  and  tumor  cells  (Figure  IE).  Further,  expression  of  xpRII  was  detected 
in  PCa  cells  from  122  out  of  141  tissue  samples;  the  average  staining  intensity  was 
significantly  higher  in  tumor  cells  from  bone  metastases  than  in  those  from  visceral 
metastases  {P  <  0.001)  (Figure  IF). 

xpRII  expression  in  CAOBs  was  positively  associated  with  patients  that  had 
prostatectomy,  treatment  with  Zometa,  months  of  treatment  with  enzalutamide  or 
abiraterone,  and  one  or  more  years  of  survival  from  first  bone  metastasis.  Xhis 
association  suggests  that  these  clinical  parameters  may  be  predictors  of  increased  xpRII 
expression.  On  the  other  hand,  xpRII  expression  in  CAOBs  was  negatively  associated 
with  months  of  treatment  with  ketoconazole  or  carbonplatin,  treatment  with  other 
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bisphosphonates,  and  years  of  bone  metastasis  delay  from  initial  diagnosis.  This  suggests 
that  these  clinical  factors  are  predictors  of  decreased  T|3RI1  expression  (Supplemental 
Table  1). 

Together,  these  studies  suggest  that  T|3RI1  expression  is  frequently  lost  in  the 
CAOBs  in  PCa  patient  bone  metastatic  sites  and  that  certain  clinical  treatments  are 
potential  indicators  for  the  expression  of  T|3R1I  in  CAOBs.  On  the  other  hand,  PCa  cells 
express  higher  TpRIl  levels  in  bone  metastases  relative  to  those  growing  in  soft  organs. 

TGF-p  signaling  in  osteoblasts  inhibited,  but  in  osteoclasts  promoted,  PCa  bone 
metastasis 

To  investigate  the  role  of  bone  cell-specific  TGF-P  signaling,  PCS  or  DU145 
cells  were  intratibially  injected  into  KO  mice,  KO  mice,  or 

their  respective  littermates.  Tgfbr2^^^^^’'^  KO  mice  have  been  characterized 

and  a  normal  bone  phenotype  was  identified,  as  we  previously  published  (18).  We 
therefore  first  compared  the  bones  between  KO  and  Tgfbr2^^°^^^ 

littermates.  Cell-specific  Cre  expression  and  activation  were  confirmed  by  genotyping 
and  immunohistochemical  (IHC)  analysis  of  GFP  expression  in  KO 

mouse  tibiae  (Supplemental  Figure  lA).  p-Smad2,  the  TGF-P  signaling  downstream 
transcriptional  factor,  was  also  confirmed  by  IHC  to  be  expressed  in  osteoblasts  from 
Tgfbr2^’°^^^  mice  but  not  from  KO  mice.  Loss  of  p-Smad2  was  confirmed 

in  the  GFP-positive  KO  osteoblasts  by  IHC  in  the  serial  sections,  but  was 

not  seen  in  the  Tgfbr2^^°^^^  osteoblasts  (Supplemental  Figure  lA).  After  confirming  the 
loss  of  TGF-P  signaling  in  the  osteoblasts  of  KO  mice,  their  phenotypes 
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were  evaluated  and  found  to  be  normal  relative  to  Tgfbr2^‘°^^^  littermates.  We  analyzed 
the  bones  by  histomorphometry  (Supplemental  Figure  IB),  whole  body  X-rays,  and 
microcomputed  tomography  (|xCT)  (Supplemental  Figure  2). 

The  PCa-induced  bone  lesions  were  imaged  by  weekly  X-rays,  and  bone  lesion 
areas  were  measured  and  quantified  using  Metamorph  software.  The  average  total  area  of 
PCS  osteolytic  lesions  in  KO  mice  increased  by  roughly  0.01  cm^  more 

per  week  than  those  in  Tgfbr2^^°^^^  mice.  Significant  differences  in  bone  lesion  areas 
were  detected  in  the  second,  third  and  fourth  week  after  injection  (Figure  2A-C).  Bone 
lesion  incidence  rates  were  not  different  between  the  KO  and  Tgfbr2^^°^^^ 

mice. 

Contrary  to  these  results,  PCS -induced  bone  lesions  were  significantly  smaller  in 
KO  mice  relative  to  their  respective  littermates  at  the  third  and 

fourth  week  after  injection  (P  <  0.001,  Figure  2D-F).  PCS  osteolytic  lesions  in 
Tgfhr2^^^^^''‘^  KO  mice  were  inhibited  by  roughly  0.01  cm^  per  week  relative  to 
Tgfbr2^^°’‘^^  mice. 

Similar  effects  on  lesion  sizes  were  observed  in  DU145-induced 
osteolytic/osteoblastic  bone  lesions;  total  lesion  area  increased  by  approximately  0.01 
cm^  more  per  week  in  DU145-injected  tibiae  from  KO  mice  relative  to 

those  from  Tgfhr2^^°^^^  mice.  Differences  in  total  bone  lesion  area  were  significant  the 
third  week  after  injections  {P  <  0.001,  Supplemental  Figure  3A  and  3C).  Tumor 
incidence  rates  differed  significantly  between  DU145-injected  KO  mice 

and  mice  as  well:  the  median  time  until  a  tumor  lesion  could  be  detected  was 
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3  weeks  for  KO  mice  and  5  weeks  for  Tgfbr2^^'^^^^  mice  (P  <  0.01, 

Supplemental  Figure  3B). 

Together,  these  data  suggest  that  TGF-|3  signaling  in  osteoblasts  inhibited,  but  in 
osteoclasts  promoted,  PCa  bone  lesion  development. 

KO  promotes  lesions  and  tumor  growth  in  bone 

Because  of  the  loss  of  T|3RII  expression  in  CAOBs  in  patient  samples,  we  focused 
on  dissecting  the  mechanism  by  which  this  loss  contributes  to  PCa  bone  metastasis.  We 
used  the  Tgfbr2^'’’^^'''^^^^  KO  mouse  model,  which  has  a  loss  of  T|3RII  in  osteoblasts. 

First,  the  bone  lesion  differences  in  KO  vs  Tgfbr2^‘°^^^  were 

further  analyzed  using  three-dimensional  microCT.  We  found  a  significant  decrease  in 
the  bone  volume/tissue  volume  (BV/TV)  ratio  and  trabecular  number  (Tb.N),  as  well  as 
increased  trabecular  separation  (Tb.Sp)  in  the  PC3-injected  KO  mice 

tibiae  (Figure  3A).  The  trabecular  thickness  (Tb.Th)  and  bone  mineral  density  (BMD) 
values  were  not  significantly  different  (data  not  shown). 

To  further  explore  the  cellular  events  affected  by  the  loss  of  T|3RII  in  osteoblasts, 
we  performed  IHC  analysis  of  CD3 1  for  angiogenesis  and  of  phosphorylated  histone  H3 
(p-HH3)  for  proliferation,  immunofluorescence  (IF)  for  GFP  and  alpha-smooth  muscle 
actin  (a-SMA),  and  bone  histomorphometry  analyses  of  osteoclasts  and  osteoblasts  in 
PC3-injected  tibiae.  Relative  to  the  Tgfbr2^‘°^^^  mice,  KO  mice  had 

significant  increases  in  tumor  cell  proliferation  (P  <  0.01,  1.7-fold  increase  in  positive 
IHC  staining  of  PCa  cells  for  p-HH3);  microvessel  density  (P  <  0.05,  2.2-fold  increase  in 
CD3 1-positive  microvessels);  osteoclastogenesis  (P  <  0.05,  5.2-fold  increase  in  tartrate- 
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resistant  acid  phosphatase  (TRAP)  staining  of  osteoclasts);  and  CAP  formation  {P  <0.05, 
3.1  fold  increase  in  a-SMA  staining  cells)  (Figure  3B-E).  However,  there  was  no 
significant  difference  in  osteoblastogenesis  {P  =  0.09,  data  not  shown),  although  a  trend 
of  decrease  in  KO  relative  to  Tgfbr2^’°^^^  mice  was  noticed.  These  data 

suggest  that  loss  of  TGF-P  signaling  in  osteoblasts  promotes  PCa-induced  bone  lesions 
by  increasing  tumor  cell  proliferation,  angiogenesis,  CAP  number,  and 
osteoclastogenesis. 

KO  increased  bFGF  expression  and  thus  promoted  PC3  bone 

metastasis 

To  identify  the  downstream  mediator  for  loss  of  osteoblast-specific  TGP-P 
signaling,  we  used  cytokine  arrays  to  compare  the  expression  profiles  of  cytokines  and 
growth  factors  between  the  PCS -injected  tibiae  from  Tgfbr2^’°^^^  and  Tgfbr2^'^’^ KO 
mice  (data  not  shown).  bPGP  was  one  of  the  up-regulated  factors  (P  <  0.05)  confirmed 
by  enzyme-linked  immunosorbent  assay  (ELISA),  and  it  was  significantly  increased  in 
PC3-injected  tibiae  from  KO  mice  relative  to  those  from  Tgfbr2^^°^^^  or 

PBS-injected  KO  mice  (Figure  4A).  Furthermore,  a  significant  increase 

of  mouse  (but  not  human)  bPGF  mRNA  was  detected  only  in  the  PCS -injected 
KO  mice  tibiae  {P  <  0.05)  (Figure  4B-D).  Increased  bPGF  protein 
expression  was  detected  prominently  in  CAOBs  by  IHC  staining,  which  is  in  line  with 
the  qRT-PCR  analysis  (Figure  4E).  These  results  suggest  that  bPGF  was  increased  in 
CAOBs  that  had  lost  TpRII,  which  are  associated  with  increases  in  PCS  bone  lesions. 
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We  performed  rescue  experiments  to  determine  the  functional  effectiveness  of 
bFGF  in  mediating  the  loss  of  xpRII  in  PCa  bone  lesion  development  (Figure  5A).  The 
bone  lesions  in  IgG-treated  KO  mouse  tibiae  (KO_IgG)  increased  at  a 

significantly  faster  rate  than  the  lesions  in  vehicle-treated  Tgfbr2^‘°^^^  mouse  tibiae 
(Flox_BSA),  and  they  had  significantly  greater  total  area  by  week  3.  Moreover,  the  Ab- 
bFGF  treatment  significantly  decreased  the  rate  at  which  PCS  bone  lesions  developed  in 
the  KO  mouse  tibiae,  by  approximately  0.017  cm^  per  week  (KO_Ab 

group  versus  KO  IgG  group).  There  was  no  difference  in  bone  lesion  development  rate 
in  mice  from  the  KO_Ab  group  and  FLox  BSA  groups.  The  recombinant  bFGF 
treatment  significantly  increased  the  rate  at  which  PCS  bone  lesions  developed  in 
mouse  tibiae  by  about  0.012  cm^  per  week  (Flox_bFGF  versus  Flox_BSA). 
There  was  no  difference  of  bone  lesion  development  rate  in  mice  from  Flox  bFGF  group 
and  KO_IgG  group  (Figure  5B&C).  These  rescue  experiments  showed  that  bFGF  was 
mediating  the  increased  bone  lesions  by  loss  of  T^RII  in  osteoblasts. 

bFGF  can  bind  four  different  FGF  receptors,  FGFRl-4,  to  initiate  downstream 
signaling  (19).  We  found  that  the  expressions  of  FGFRl  and  FGFR4  correlated  with 
changes  in  PCS  bone  lesions,  i.e.,  both  were  lower  in  the  KO_Ab  group  relative  to  the 
KO_IgG,  and  higher  in  the  Flox  bFGF  group  relative  to  the  Flox_BSA  (Figure  5D). 
Furthermore,  we  observed  the  rescue  of  PCS  tumor  cell  proliferation,  CAF  formation, 
and  angiogenesis  by  bFGF,  as  indicated  by  increases  of  p-HH3-positive,  a-SMA-positive 
cells  and  of  CD31  microvessel  density  in  the  Flox_bFGF  group  relative  to  the  Flox  BSA 
group,  respectively.  Furthermore,  PCS  tumor  cell  proliferation,  microvessel  density,  and 
CAF  formation  decreased  in  the  KO  Ab  group  relative  to  the  KO_IgG  group  (Figure  5D, 
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E).  Together,  these  data  suggest  that  bFGF  is  one  of  the  downstream  functional  mediators 
of  osteoblast-specific  TGF-P  signaling  loss  in  PCa  bone  lesion  development,  possibly  by 
promotion  of  PCa  tumor  cell  proliferation  and  angiogenesis. 

bFGF  promoted  osteoclastogenesis  and  inhibited  osteoblastogenesis  but  did  not 
directly  affect  PC3  cell  proliferation  in  vitro 

We  tested  bFGF  effects  on  osteoclast  and  osteoblast  proliferation  or 
differentiation  to  delineate  the  effects  of  bFGF  on  cells  involved  in  PCS  bone  lesion 
development  and  to  determine  whether  the  role  of  bFGF  depended  on  paracrine  or 
autonomous  TGF-P  signaling.  Osteoclasts  were  differentiated  from  the  bone  marrow  cells 
of  KO  mice  or  mice.  We  found  that  cells  exposed  to  bFGF 

had  a  dose-dependent,  significant  increase  in  osteoclastogenesis.  Mature  osteoclasts  were 
determined  by  TRAP-positive  staining  and  the  presence  of  at  least  three  nuclei  per  cell 
(Figure  6A).  No  differences  in  osteoclastogenesis  between  Tgfhr2^^°^^^  and 
KO  mice  were  found  with  or  without  bFGF  treatment.  This  indicated  that 
the  paracrine  osteoblast  TGF-P  signaling  was  not  required  for  either  osteoclastogenesis, 
or  the  bFGF-stimulated  osteoclastogenesis. 

For  the  osteoblast  study,  adeno-Cre  or  -GFP  viruses  were  used  to  infect  bone 
marrow  cells  from  Tgfbr2^^'^^^^  mice  to  generate  control  osteoblasts  (OB_Flox)  or  Tgfbr2 
KO  osteoblasts  (OB_KO).  We  found  that  bFGF  inhibited  osteoblastogenesis  {P  <  0.001, 
Figure  6B).  Osteoblasts  were  identified  by  ALP  staining.  No  significant  differences  in 
osteoblastogenesis  were  found  between  OB  Flox  and  OB  KO  cells  with  or  without 
bFGF  treatments,  suggesting  that  cell  autonomous  TGF-P  signaling  did  not  significantly 
affect  osteoblastogenesis  or  its  inhibition  by  bFGF. 
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Furthermore,  we  found  that  bFGF  had  no  direct  effect  on  PCS  cell  proliferation  at 
the  doses  (0.1  to  5.0  ng/ml)  and  time  courses  (24  to  48  h)  examined  (Figure  6C).  Thus, 
our  data  suggest  that  in  PC3-induced  bone  lesion  development,  bFGF  is  the  downstream 
mediator  of  osteoblast-specific  TGF-P  signaling  and  that  TGF-P  signaling  does  not  have 
a  positive  or  a  negative  feedback  effect  on  the  function  of  bFGF.  Taken  together,  this 
suggests  that  bFGF  directly  promotes  osteoclastogenesis  and  inhibits  osteoblastogenesis, 
but  it  does  not  directly  promote  PCS  tumor  cell  proliferation. 

bFGF  was  up-regulated  by  PC3-derived  PTHrP  through  the  increased  PTHIR 

To  understand  the  mechanism  of  the  increase  of  bFGF  in  osteoblasts  with  loss  of 
TGF-P  signaling,  we  co-cultured  PCS  cells  with  OB_Flox  or  OB  KO  cells.  bFGF 
proteins  were  increased  concurrently  with  the  increase  of  PTHIR  and  pCREB  (Figure 
7 A).  This  is  consistent  with  previous  reports  that  loss  of  TpRII  increases  PTHIR  due  to 
the  disruption  of  PTH- induced  endocytosis  of  PTHIR/TPRII  (20).  It  is  likely  that  PTHrP 
secreted  from  PCS  cells  (12,21-2S)  induces  PTHlR/TpRII  endocytosis  in  this  scenario. 
To  test  this,  neutralizing  antibody  of  PTHrP  was  added  to  the  co-cultures.  The  increases 
of  bFGF,  PTHIR  and  pCREB  were  abolished  (Figure  7A).  We  therefore  propose  a 
model  (Figure  7B)  that  PCa-derived  PTHrP  binds  to  the  increased  PTHIR,  thus 
activating  downstream  PKA  signaling,  which  increases  pCREB  expression,  thus  up- 
regulatings  bFGF. 

Further,  to  dissect  the  downstream  signaling  of  the  bFGF  pathway  involved  in 
PCS  bone  lesion  development,  we  performed  western  blots  on  well-known  downstream 
factors  of  bFGF.  We  found  only  Stat3  and  p-Stat3  to  be  slightly  increased  in  OB_KO  co- 


1  culture  with  PCS  cells,  relative  to  OB  Flox  PCS  eo-eulture  (Supplemental  Figure  5). 

2  pERK  and  pAKT  were  not  changed.  These  data  suggest  that  the  downstream  signaling  of 

3  bFGF  in  CAOBs  possibly  oecurred  through  PIKS/StatS,  but  not  through  PIKS/AKT  or 

4  MAPK/ERK. 
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Discussion 


This  is  the  first  study  that  reports  a  loss  of  TpRII  in  the  caneer-assoeiated 
osteoblasts  of  PCa  patient  bone  metastasis.  Using  mouse  models  with  a  deletion  of 
Tgfbr2  speeifieally  in  osteoblasts  or  osteoclasts,  our  study  revealed  the  cell-specific  role 
of  TGF-P  signaling  in  the  bone  microenvironment  and  its  effect  on  PCa  bone  lesion 
development.  Our  data  suggest  that  TGF-P  signaling  in  osteoblasts  inhibited,  but  in 
osteoclasts  stimulated,  PCa  bone  metastasis.  bFGF  was  identified  as  a  key  mediator  in  the 
promotion  of  PCa  bone  metastasis.  Furthermore,  the  increase  of  bFGF  in  CAOBs  that 
had  lost  TpRlI  correlated  with  the  increases  of  PTHIR  and  pCREB,  suggesting  that 
bFGF  was  increased  at  least  partially  by  the  activation  of  PTHIR.  Our  study  is  the  first  to 
determine  the  mechanism  by  which  osteoblast-specific  TGF-P  signaling  in  the  bone 
microenvironment  moderates  PCa  bone  metastasis  through  coordination,  at  least  in  part, 
with  PTHIR/PKA  signaling.  We  also  found  bFGF  to  be  a  potential  therapeutic  target  for 
PCa  bone  metastasis. 

We  confirmed  the  specificity  of  this  osteoblast-specific  TGF-P  signaling  effect 
using  the  mouse  model,  which  has  loss  of  TGF-P  signaling  in  mature 

osteoblasts.  Tgfhr2^‘^"^''‘^  KO  mice  had  a  significant  increase  of  trabecular  bone  and  bone 
mineral  density  {P  <  0.001)  relative  to  Tgfbr^°^  mice,  as  reported  by  others  as  well  (20). 
PCS -induced  bone  lesions  from  cardiac  injections  were  also  significantly  decreased  in 
Tgfhr2^‘^"^''‘^  vs  Tgfhr2^°^  mice  (data  not  shown). 

bFGF  has  been  reported  to  stimulate  the  proliferation  of  the  mesenchymal  cells 
such  as  CAFs  and  of  endothelial  cells  in  angiogenesis,  both  of  which  are  known  to 
contribute  to  tumor  growth  (24,25).  Because  CAFs  and  angiogenesis  were  increased  in 
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PCS  tumors  from  KO  tibiae  and  were  also  altered  in  the  rescue  studies, 

these  data  suggest  that  bFGF  indirectly  induced  tumor  cell  proliferation  through  increases 
in  CAFs  and  angiogenesis.  Furthermore,  in  vitro  osteoclastogenesis  or  osteoblastogenesis 
was  not  significantly  different  between  Tgfbr2^‘°^^^  and  KO  mice;  this  is 

consistent  with  the  normal  bone  phenotype  observed  in  these  mice.  On  the  other  hand, 
bFGF  directly  stimulated  osteoclastogenesis  but  inhibited  osteoblastogenesis, 
independent  of  the  paracrine  or  autonomous  TGF-P  signaling  in  osteoblasts.  Because 
tumor-associated  osteoclasts  or  CAOBs  were  too  few  to  be  counted  at  the  study  end  point, 
we  could  not  confirm  this  in  our  in  vivo  rescue  studies.  Taken  together,  effects  of  bFGF 
on  PCa  bone  metastasis  are  likely  two-fold:  indirect  promotion  of  tumor  growth  and 
direct  stimulation  of  bone  resorption. 

bFGF  belongs  to  the  fibroblast  growth  factor  family,  which  consists  of  22 
members.  These  ligands  bind  to  the  four  FGF  receptors,  which  are  receptor  tyrosine 
kinases  (RTKs)  (19,26).  bFGF  can  bind  to  all  four  FGFRs.  In  our  study,  FGFRl  and 
FGFR4,  but  not  FGFR2  or  FGFRS,  were  detected  using  western  blots  in  PCa-injected 
mouse  tibiae.  This  is  consistent  with  previous  findings  that  FGFRl  is  expressed  at  high 
levels  in  the  majority  of  PCa  tumors,  while  FGFR4  is  strongly  expressed  in  high  grade 
PCa  (27).  It  might  be  that  bFGF  positively  regulates  the  expression  of  FGFRl  and 
FGFR4.  However,  it  is  possible  that  the  expression  changes  of  FGFRl  and  FGFR4  are 
merely  a  reflection  of  tumor  growth  in  tibiae.  The  downstream  signaling  pathways  of 
FGFs  include  MAPK,  PI3K,  and  PKC  (28).  Dysregulation  of  FGFs  and  FGFRs  have 
been  linked  to  the  initiation,  progression,  and  metastasis  of  many  cancers,  including  PCa 
(26,29-32).  Blocking  this  axis  by  targeting  the  receptors  has  been  actively  investigated 
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preclinically  and  clinically  for  many  cancers  and  for  bone  metastasis,  and  most  of  these 
therapeutie  efforts  have  targeted  FGFRs  (25,32-35).  However,  study  showed  that  most 
cancer  eells  could  be  reseued  from  anti-RTK  drug  sensitivity  by  simply  exposing  them  to 
one  or  more  RTK  ligands,  hepatocyte  growth  factor  (HGF),  FGF  and  neuregulin  1  were 
the  most  broadly  aetive  ligands  (36).  These  RTK  ligands  such  as  FGF  could  be  produced 
by  the  cancer-associated  stroma  as  we  demonstrated  here.  In  addition,  despite  some 
commonalities,  eaeh  of  the  ligands  has  a  unique  effect  and  regulatory  function. 

Therefore,  it  is  crucial  to  understand  the  regulation  of  FGF s  in  cancer,  including  PCa 
bone  metastasis. 

Reeently,  TpRII  was  reported  to  phosphorylate,  bind,  and  form  a  complex  with 
PTHIR  for  endoeytosis,  a  proeess  that  down-regulates  the  downstream  Smad  and 
PKA/eAMP  signaling  pathways  in  osteoblasts  (20).  Thus,  loss  of  TpRII  increases  PTHIR 
availability  in  the  plasma  membrane.  Ligands  such  as  PTHrP  from  the  PCa  cells  can  then 
bind  to  PTHIR  to  activate  downstream  PKA/cAMP  signaling.  bFGF  is  known  to  be 
direetly  stimulated  by  PTH  through  downstream  PKA/eAMP  signaling  (37)  and  CREB- 
binding  elements  in  the  bFGF  gene  {FGF 2)  promoter,  whieh  have  been  identified  by 
Chip  sequencing.  Therefore,  we  propose  the  working  model  that  PC3 -derived  PTHrP 
binds  PTHIR,  whieh  is  inereased  because  of  the  loss  of  TpRII,  and  aetivates  the 
downstream  PKA/eAMP/pCREB  pathway  to  stimulate  bFGF.  bFGF,  in  turn,  stimulates 
osteoelastogenesis,  inhibits  osteoblastogenesis,  and  promotes  PCa  growth  through 
indueing  the  formation  of  CAFs  and  angiogenesis.  bFGF  is  expressed  primarily  by  cells 
of  the  mesenchymal  lineage  and  our  results  showed  that  PC3-injeeted 
KO  tibiae  had  inereased  bFGF  produetion  from  osteoblasts  but  not  from  PCa  eells. 
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Furthermore,  PTHrP  is  highly  expressed  in  bone  metastatic  cancer  cells  such  as  PCS 
cells,  as  reported  by  others  (12,21),  and  the  increases  of  bFGF,  pCREB  and  PTHIR  in 
co-cultured  OB  KO  cells  (relative  to  OB_Flox)  were  abolished  by  blocking  PTHrP.  This 
model  is  further  supported  by  our  PCa  patient  tissue  microarray  data,  which  showed 
higher  T|3R1I  expression  in  PCa  cells  from  bone  metastases  relative  to  visceral 
metastases.  TGF-P  signaling  is  known  to  induce  the  expression  of  PTHrP  in  cancer  cells 
(38-40),  thus,  in  bone  metastasis,  the  increased  PTHrP  from  PCa  cells  further  activates 
the  elevated  PTHIR  in  CAOBs  (due  to  loss  of  T^RII)  to  promote  bone  lesion 
development. 

Because  cancer-associated  osteoclasts  were  identified  only  in  a  few  samples  of 
the  PCa  bone  metastasis  examined,  the  overall  expression  of  TpRIl  could  not  be 
determined.  However,  in  a  few  cancer-associated  osteoclasts,  TpRlI  was  indeed 
expressed  (data  not  shown).  In  addition,  our  current  studies  of  KO  mice  and 

a  previous  study  of  breast  cancer  patient  bone  metastasis  (20)  suggest  that  TpRII  is 
expressed  in  cancer-associated  osteoclasts  and  that  TGF-P  signaling  in  osteoclasts 
promotes  bone  metastasis.  The  lack  of  cancer-associated  osteoclasts,  in  our  opinion, 
reflects  that  the  majority  of  PCa  bone  metastasis  is  ostoeblastic.  However,  bone  lesion 
phenotypes  were  not  provided  in  the  TMAs  studied  here. 

We  also  recognize  that  there  is  no  available  mouse  model  of  PCa  that  simulates 
bone  metastasis  from  the  orthotopic  site.  Thus,  this  study  is  limited  to  the  last  step  of 
bone  metastasis,  i.e.,  bone  lesion  development  caused  by  the  interactions  between  PCa 
cells  and  the  bone  microenvironment.  PCS  and  DU  145  are  castration-resistant  PCa  cells, 
and  the  androgen  receptor  (AR)  is  commonly  undetectable  in  them.  Thus,  using  these 
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cells  represents  the  biology  of  10-15%  PCa  patients.  We  also  recognize  that  bFGF  may 
not  be  the  only  FGF  having  its  expression  altered  by  the  KO,  because 

other  FGFs  were  not  included  in  the  cytokine  array  used  for  this  study.  ENCODE  data 
showed  CREB-binding  sites  in  all  22  FGF  genes,  indicating  other  FGFs  are  probably  also 
up-regulated  by  increased  PKA/cAMP  signaling.  Therefore,  in  the  future,  we  will 
identify  other  FGFs  and  block  them  along  with  bFGF,  aiming  for  complete  inhibition  of 
PCa  bone  lesion  development. 

In  summary,  our  study  revealed  that  loss  of  TpRII  increased  the  availability  of 
PTHIR,  resulting  in  loss  of  TGF-P  signaling  and  increased  PTHIR/PKA  signaling. 
Therefore,  PCa  bone  metastasis  was  promoted  by  the  coordination  of  these  two  signaling 
pathways,  and  bFGF  was  one  of  the  functional  effectors  that  can  be  targeted.  As  a 
translation  contribution,  our  research  suggests  that  clinical  treatments  positively  affecting 
TpRII  expression  in  CAOBs  could  benefit  patients,  but  those  associated  with  a  decrease 
of  TpRII  expression  in  CAOBs  should  be  discouraged. 
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Materials  and  methods 


Cells,  animals,  and  reagents 

The  PCa  cell  lines  PCS  and  DU145  were  purchased  from  the  American  Type 
Culture  Collection  (ATCC;  Manassas,  VA)  and  were  cultured  in  RPMI-1640 
supplemented  with  10%  fetal  bovine  serum  (FBS). 

mice  (16)  were  bred  with  (17),  (18),  or  Ocn^''^ 

(41)  mice  to  generate  Tgfbr2^^^”'^''\  or  Tgfbr2^^"^’'^  KO  mice, 

respectively.  These  mice  were  further  bred  to  either  ROSA26  or  mT/mG  (JAX,  007676) 
reporter  mice  for  the  visualization  of  Cre  activity,  and  to  Rag-2  (JAX,  008449)  KO  mice, 
whose  immunodeficiency  allows  for  the  inoculation  of  human  cells.  All  the  mice  were 
bred,  maintained,  and  used  in  this  study  with  approval  of  the  VARI  Institutional  Animal 
Care  and  Use  Committee. 

Commercially  available  reagents  were  purchased.  The  detailed  information, 
including  the  doses  used  in  our  studies,  is  listed  in  Supplemental  Table  2. 

Prostate  cancer  metastasis  tumor  microarray 

IHC  analysis  of  TpRII  was  performed  on  a  UWTMA79  prostate  cancer  metastasis 
tumor  microarray  (TMA),  which  contained  samples  from  45  cases  of  bone  and  visceral 
metastasis  from  rapid  autopsy  (62  visceral  and  79  bone  metastasis).  Detailed  information 
can  be  found  on  the  PCBN  website.  The  pathologist  from  our  Institute,  as  well  as  two 
individuals  from  our  laboratory,  evaluated  the  staining  independently.  Scores  of  1  to  5 
were  given  based  on  the  intensity  of  the  staining,  and  0  was  assigned  to  negative  staining. 
The  final  scores  given  to  one  cell  type  of  each  tissue  was  an  average  of  the  scores  from 
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the  three  cores  of  each  tissue  sample.  All  evaluations  were  submitted  to  the 
Bioinformatics  and  Biostatistics  Core  for  further  analyses  before  the  final  conclusion. 


Injections  and  radiographic  imaging  (14,18) 

To  generate  the  mice,  Cre-positive  male  mice  at  age  4  to  5  weeks 

were  intraperitoneally  {i.p.)  injected  with  tamoxifen  (40  pg/g  body  weight)  for  5  d.  At  5 
to  7  days  after  the  last  injection,  the  mice  were  randomly  allocated  for  treatment.  The 
Cre-negative  littermates  were  treated  the  same  as  the  Cre-positive  mice  and  served  as 
control  mice.  For  intratibial  injections,  one  million  PCS  or  DU145  PCa  cells 
in  10  pi  of  PBS  were  injected  into  the  left  tibia,  and  10  pi  of  PBS  was  injected  into  the 
contralateral  tibia  as  a  control. 

Mice  were  imaged  using  Bioptics  piXarray  Digital  Specimen  Radiography 
(Faxitron  Bioptics)  at  2,  3,  and  4  weeks  post  injection  for  PCS  cells  or  at  3,  5,  and  7 
weeks  post  injection  for  DU145  cells.  Mice  that  never  developed  lesions  were  considered 
technical  injection  failures  and  were  excluded  from  the  studies.  No  data  points  from  mice 
with  successful  injections  were  excluded  from  the  data  set.  The  bone  lesions  were 
counted  and  areas  were  measured  from  X-rays  using  MetaMorph  (Molecular  Devices, 
Inc.).  All  defined  regions  of  interest  (ROIs)  were  analyzed.  The  cell  preparations, 
injections,  imaging,  and  bone  lesion  analysis  were  performed  blinded  by  individuals  of 
our  lab. 

Mouse  tibiae  were  harvested  in  70%  ethanol  and  subjected  to  microCT  scanning 
and  imaging  using  a  SKYSCAN  1172  pCT  instrument  (Bruker,  Ettlingen,  Germany). 
The  trabecular  ROI  extended  8  mm  from  the  subchondral  plate  in  the  distal  direction  in 
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order  to  include  all  potential  tumor  areas.  SkyScan  software  (DataViewer,  CTAn,  and 
CTVox)  was  used  to  determine  the  three-dimensional  structural  parameters,  including 
BV/TV,  Tb.Th,  Tb.Sp,  Tb.N,  BMD,  mean  total  cross-sectional  bone  perimeter  (B.Pm), 
average  object  equivalent  circle  diameter  per  slice  (Av.Obj.ECD),  and  cross-sectional 
thickness  (Cs.Th).  All  measured  variables  in  the  left  tibiae  with  PCa  were  normalized  to 
right  tibiae. 

Histology,  histomorphometry,  immunohistochemistry,  and  immunofluorescence 

Mouse  tibiae  were  harvested,  fixed,  processed,  sectioned,  stained,  and  analyzed  as 
previously  described  (18).  Serial  sections  were  stained  for  TRAP  and  with  H&E  to 
confirm  the  osteoclast  and  osteoblast  identity.  The  stained  sections  were  subjected  to 
histomorphometry  analyses  of  tumor  burden.  The  numbers  of  osteoclasts  and  osteoblasts, 
as  well  as  osteoclast  surfaces,  were  determined  using  Bioquant  system  imaging  software 
2014  (Nashville,  TN).  IHC  was  performed  on  the  other  sections  to  assess  the  expression 
of  GFP,  p-Smad2,  CD31,  p-HH3,  a-SMA,  and  bFGF.  Immunofluorscence  was  performed 
on  the  sections  to  assess  the  expression  of  GFP  and  a-SMA. 

Protein  extraction,  western  blots,  and  cytokine  arrays  (18) 

Tibiae  were  harvested  and  snap-frozen  in  liquid  nitrogen.  The  frozen  tibiae  were 
then  homogenized  using  FastPrep-24  (MP  Biomedicals).  For  western  blots,  40  pg  of  total 
protein  per  sample  was  used.  For  cytokine  arrays,  equal  amounts  of  protein  per  tibia  were 
pooled  from  three  mice  (either  Tgfbr2^’°^^^  or  KO  littermates)  3  weeks 

after  PC3  tibial  injection.  qRT-PCR  was  performed  using  SYBR  Supermix  (Bio-Rad, 
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Hercules,  CA)  on  the  ABI  machine.  Primers  were  custom-synthesized  (IDT,  Coralville, 
lA).  The  sequences  of  the  primers  are  listed  in  Supplemental  Table  3. 


Application  of  neutralizing  antibody  or  recombinant  bFGF  in  vivo 

Briefly,  one  day  after  intratibial  injection  of  PCS  cells,  neutralizing  bFGF 
antibody  (Ab-bFGF)  or  control  antibody  (IgG)  was  retro-orbitally  i.v.  injected  into  the 
KO  mice,  and  recombinant  bFGF  or  0.1%  BSA  vehicle  was  injected  i.v. 
into  the  Tgfbr2^‘°^^^  mice.  The  drugs  and  vehicles  were  administered  every  other  day  up 
to  4  weeks  post  injection.  The  host  mice  were  X-rayed  for  bone  lesions  weekly;  both 
serum  and  tibiae  were  collected  at  the  indicated  time  points. 

Bone  marrow  differentiation  and  co-culture  with  PCS  cells 

For  osteoblastogenesis,  mouse  bone  marrow  cells  from  mice  were 

used.  On  the  third  day  of  culture,  these  bone  marrow  cells  were  infected  with  either 
adeno-Cre  or  adeno-GFP  to  generate  either  Tgfbr2  KO  (OB_KO)  or  Tgfbr2  Flox 
(OB_Flox)  control  cells,  respectively.  These  cells  were  then  further  differentiated  for 
another  7  d  in  a-MEM  medium  supplemented  with  10%  FBS  and  50  pg/ml  of  ascorbic 
acid.  The  media  was  changed  every  3  d  until  the  end  of  the  experiments.  Alkaline 
phosphatase  (ALP)  staining  was  performed.  For  the  co-culture  experiment,  PCS  cells 
were  plated  in  the  insert  the  second  day  after  plating  the  bone  marrow  cells.  The  PTHrP 
neutralizing  antibodies  were  added  at  the  same  day  with  PCS  cells  at  a  dose  of  Ipg/ml, 
and  changed  every  day. 
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For  the  osteoclastogenesis,  the  bone  marrow  cells  from  either  KO 

or  Tgfhr2^’°^^^  micQ  were  counted  and  cultured  in  a-MEM  with  30  ng/ml  macrophage 
colony-stimulating  factor  (MCSF)  on  the  first  day.  On  the  second  day,  the  non-adherent 
cells  were  collected  and  re-plated  with  aMEM  [10%  FBS  +  30  ng/ml  receptor  activator 
of  nuclear  factor  kappa-B  ligand  (RANKE)  +  30  ng/ml  MCSF],  The  medium  was  then 
changed  every  3  d  until  day  7  or  8.  TRAP  staining  was  performed  at  the  end  points. 

Statistical  analysis 

Clinical  data  were  first  input  using  a  random  forest  iterated  5  times,  with  300  trees 
each.  Then,  LASSO  (least  absolute  shrinkage  and  selection  operator)  analyses  were  used 
to  explore  any  associations  between  clinical  data  and  cell-specific  TpRIl  expression  in 
PCa  patient  bone  metastasis  tissues.  To  test  for  differences  in  the  proportion  of  metastatic 
tissues  that  completely  lost  TpRIl  expression,  logistic  mixed-effects  models  were  used. 
Longitudinal  bone  lesion  data  were  analyzed  via  linear  mixed-effect  model.  Linear 
contrasts  with  a  false  discovery  rate  correction  were  used  to  test  for  significant 
differences  in  bone  lesion  growth  rates,  and  bootstrap  hypothesis  testing  with  1000 
resampled  data  sets  was  used  to  test  for  differences  in  total  lesion  area  between  groups  at 
specific  time  points.  For  experiments  without  repeated  measures,  data  were  analyzed  via 
two-way  ANOVA  when  there  were  two  independent  variables;  otherwise,  a  two-tailed 
Student's  t-test  was  used.  Normality  assumptions  were  assessed  visually  via  QQ-plots;  no 
concerning  deviations  were  detected.  The  incidence  of  bone  lesions  was  analyzed  via  log- 
rank  tests,  t-tests  and  ANOVAs  were  done  via  Graphpad  and  all  other  analyses  via  R  v 
3.2.2.  For  all  analyses,  P  <  0.05,  two-sided  was  considered  significant. 
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Study  approval 
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Figure  1.  XpRII  expression  in  PCa  patient  bone  metastasis  tissues. 

Immunohistochemical  (IHC)  analysis  of  T|3RII  on  a  PCa  patient  bone  metastasis  tissue 
microarray  containing  79  PCa  bone  metastasis  and  62  visceral  metastasis  tissues  (each 
having  three  cores)  plus  normal  tissues  as  controls.  A-D)  IHC  of  TpRII  showed  positive 
(brown)  staining  in  PCa  cells  in  almost  all  samples  examined.  Loss  of  TpRII  in  all 
CAOBs  was  observed  in  21  out  of  40  tissues  in  which  osteoblasts  were  identified  (A«&B, 
indicated  by  red  lines);  the  estimated  probability  of  this  loss  was  54.2%  (95%  Cl,  36.3% 
to  68.2%).  A  mixture  of  both  loss  and  expression  of  TpRII  among  CAOBs  was  observed 
in  16  out  of  40  tissues  (C,  indicated  by  red  and  green  lines);  the  estimated  probability  of 
this  mixed  expression  was  40.5%  (mixed-effects  logistic  regression,  95%  Cl,  27.6%  to 
54.4%).  (scale  bars:  upper  images,  300  pm;  lower  images,  50  pm)  Expression  of  TpRII  in 
all  CAOBs  was  observed  only  in  3  out  of  40  tissues  (D,  indicated  by  green  line);  the 
estimated  probability  of  this  expression  was  4.5%  (95%  Cl,  0.6%  to  13.4%).  E) 
Association  analysis  of  cell-specific  TpRII  expression.  TpRII  expression  in  CAOBs  was 
positively  correlated  with  expression  in  CAFs,  but  not  with  expression  in  PCa  cells 
(linear  mixed-effects  model,  **  P<  0.01).  F)  TpRII  expression  in  PCa  cells  of  bone 
metastasis  tissues  was  significantly  higher  than  in  visceral  tissues  (t  test,  two-tailed,  *** 
P<  0.001). 
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Figure  2.  Effects  of  and  KO  on  PC3-induced  bone 

lesion  development. 

A  and  D)  Mean  bone  lesion  area  in  PC3-injected  mouse  tibiae.  The  bone  lesions  were 
imaged  by  weekly  X-rays,  from  which  the  bone  lesion  areas  were  measured  using 
Metamomh  software.  A)  The  average  total  area  of  PCS  osteolytic  lesions  in 
Tgfbr2^°  KO  mice  increased  by  0.01  cm^  per  week  more  than  lesions  in 
Tgfhr2^^°^^^  mice.  Significant  differences  in  bone  lesion  development  were  found 
between  Tgfbr2^^°^^^  and  KO  mice  (linear  mixed-effects  model  with  a 

random  intercept,  ***  P  <  0.001,  n  >  9).  D)  The  average  total  area  of  PCS  osteolytic 
lesions  in  Tgfbr2^^^^^''^  KO  mice  was  inhibited  by  0.01  cm^  per  week  relative  to 
Tgfhr2^^°^^^  mice.  Significant  differences  in  bone  lesion  development  between 
Tgfbr2^^°^^^  and  Tgfbr2^^^^^’'^  KO  mice  were  found  (linear  mixed-effects  model  with  a 
random  intercept,  ***  P  <  0.001,  «  >  9).  B  and  E)  Representative  X-ray  images  of  the 
osteolytic  bone  lesions  at  each  time  point.  The  circled  lines  show  the  regions  of  interest 
(42)  that  were  measured  and  analyzed  using  Metamorph  Software.  C  and  E) 
Representative  H&E  staining  of  the  tibiae.  The  red  outlines  indicate  the  PCS  tumor 
growth  in  the  bone  marrow  (scale  bar,  100  pm). 
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Figure  3.  KO  promoted  osteolytic  lesion  development  and  tumor 

growth. 

A)  Quantitative  pCT  analyses.  Significant  decreases  in  trabecular  bone  volume/total  bone 
volume  (BV/TV),  trabecular  bone  number  (Tb.N),  but  increased  trabecular  bone 
separation  (Tb.Sp)  were  found  in  tibiae,  relative  to  tibiae  from 

Tgfhr2^^°^^^  mice.  All  data  were  normalized  to  the  contralateral  tibia,  (t  test,  two-tailed,  * 
P  <  0.05,  **  P  <  0.01,  n  >  3).  Representative  IHC  staining  of  B)  CD31  (2.0-fold 
increase)  (scale  bar,  200  pm)  and  C)  phosphorylated-histone  H3  (P-HH3)  (1.46-fold 
increase)  (scale  bar,  250  pm).  D)  tartrate-resistant  acid  phosphatase  (TRAP)  staining 
(2.38-fold  increase)  (scale  bar,  200  pm).  Quantifications  are  shown  to  the  right  of  the 
image  panels.  E)  Representative  immunofluorescence  and  quantification  of  the  a-SMA 
positive  fibroblasts  (3.47-fold  increase).  The  data  was  normalized  to  the  number  of  GFP- 
positive  PC3  cells  (scale  bar,  50  pm). 
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Figure  4.  KO  up-regulated  bFGF  expression  in  CAOBs  of  PC3  bone 

lesions. 

A)  ELISA  quantification.  bFGF  protein  was  measured  from  crushed  whole  tibiae  that  had 
been  injeeted  with  either  PBS  or  PCS  eells.  A  signifieant  increase  of  bFGF  protein  was 
detected  in  PC3-injected  tibiae  of  ¥S)  miee  (relative  to  Tgfbr2^^'^^^^  miee; 

two-way  ANOVA,  *  P<  0.05).  B-D)  qRT-PCR  analyses  of  the  relative  expression  of 
speeies-speeific  bFGF  mRNA  from  mouse  tibiae.  Mouse  bFGF  mRNA  was  signifieantly 
inereased  in  PC3-injected  tibiae  of  Tgfbr2^°'^^’'‘^^^^  YJd  mice  (relative  to  Tgfbr2^^'^^^^ 
miee;  t  test,  two-tailed,  *  P<  0.05,  n  >  3).  E)  Representative  IHC  images  of  bFGF 
expression,  whieh  was  inereased  in  CAOBs  from  Tgfbr2^°^^^’'‘^^^^  KO  mice  (scale  bar: 

200  pm). 
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Figure  5.  bFGF  mediated  the  increased  PC3  bone  lesion  in  KO  mice. 

A)  Schedule  of  the  drug  treatment,  X-ray  image  acquisition,  and  end-point  collection.  B) 
Quantification  of  mean  bone  lesion  area  in  PCS -injected  mouse  tibiae.  Significant  bone 
lesion  development  was  found  between  groups  of  the  following:  Flox_BSA  vs  KO  IgG, 
Flox  BSA  vs  Flox  bFGF,  and  KO_IgG  vs  KO  Ab  (linear  mixed-effects  model  with  a 
random  intercept,  ***/><  0.001,  n  >  3).  C)  Representative  X-ray  images  from  each 
group  at  the  final  time  point.  D)  Western  blot  analyses  from  whole  tibiae  harvested  at  the 
final  time  point.  E)  Representative  images  of  IHC  staining  of  p-HH3,  CD31  and  a-SMA 
(scale  bar,  100  pm). 
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Figure  6.  bFGF  promoted  osteoclastogenesis,  inhibited  osteoblastogenesis,  but  had 
no  effect  on  PC3  proliferation. 

Cells  were  exposed  to  bFGF  at  the  doses  and  time  points  as  indicated.  A)  Representative 
TRAP  staining  and  quantification  for  osteoclasts  from  Tgfbr2^‘°^^^  and 
KO  littermates.  A  dose-dependent  increase  of  osteoclast  differentiation  by  bFGF  was 
observed,  but  the  effects  of  bFGF  were  not  different  between  the  cell  lines,  (two-way 
ANOVA,  ***/><  0.001,  n  >  3).  B)  Representative  ALP  staining  and  quantification  for 
control  osteoblasts  (OB-Flox)  and  osteoblasts  with  deletion  of  the  Tglhr2  gene  (OB-KO). 
A  dose-dependent  decrease  of  osteoblast  differentiation  by  bFGF  was  observed,  and  the 
effects  of  bFGF  were  not  different  between  the  cell  lines  (two-way  ANOVA,  ***  P  < 
0.001,  n  >  3).  C)  Representative  images  of  PC3  cells  proliferation  that  were  stained  with 
crystal  violet.  bFGF  had  no  effect  on  PC3  cell  proliferation  after  24-h  or  48-h  treatment 
with  various  doses  (one  way  ANOVA,  n  >3). 
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Figure  7.  Loss  of  XpRII  resulted  an  increase  of  PTHIR  through  which  bFGF  was 
up-regulated  in  osteoblasts  by  PC3-derived  PTHrP.  A)  Representative  western  blots 
of  total  protein  extraeted  from  osteoblasts  that  were  co-cultured  with  PCS  eells,  n  =  5.  B) 
Loss  of  xpRIl  in  eancer-assoeiated  osteoblasts  (CAOBs)  resulted  an  inerease  of  PTHIR, 
possibly  through  disruption  of  the  PTHlR/TpRlI  endocytosis  indueed  by  PCa-derived 
PTHrP.  The  increase  of  PTHIR  was  bound  and  activated  the  downstream  PKA/pCREB 
signaling  by  PC3-drived  PTHrP  to  up-regulate  bFGF.  bFGF,  in  turn,  promoted  PCa 
induced-bone  lesion  development  by  stimulating  the  differentiation  of  cancer-associated 
osteoclasts  (CAOCs),  inhibiting  the  differentiation  of  CAOBs,  and  potentially  stimulates 
PCa  proliferation  through  increasing  cancer- associated  fibroblasts  (CAFs)  and 
angiogenesis.  In  addition,  high  expression  of  TpRII  in  the  bone  metastatic  PCa  cells 
suggested  an  increased  PTHrP  expression  by  TGF-P  from  the  bone  microenvironment. 
Note:  solid  lines  indicate  our  data  and  dashed  lines  indicate  published  data  from  others  or 
our  hypotheses. 


